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INTRODUCTION 
THE LENS 
The healthy human eye lens is an almost colorless and completely clear 
tissue. It is highly organized, refractive, biconvex and isolated, 
containing no blood and lymphatic vessels and nerves. In postnatal life, 
the lens is nourished entirely by the continuously replenished aqueous 
humor in which it is bathed. An elastic, semipermeable capsule which 
consists mainly of collagen envelops the lens and allows the passage of 
oxygen, nutrients and metabolites (99). 
The primary function of the lens is to refract the incident light in 
such a way that a sharp image is focused on the retina. The accomodative 
capacity of the optical system adjusts for near and distant vision. 
Mainly the primates, especially man, have developed effectively the 
accomodative mechanism to extend their range of vision (25). 
Fig.1. Diagrammatic representation of a cross-sectioned eye lens. 
ac, anterior cortex; en, embryonic nucleus; ep, epithelium; eq, equator; 
fn, fetal nucleus; on, outer nucleus; pc, posterior cortex. 
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The lens arises from a single type of epithelial cells, located as a 
subcapsular monolayer on the anterior side of the lens. Upon 
differentiation, these epithelial cells elongate in the equatorial zone 
and become fiber cells (Fig.l). Throughout the whole lifespan, 
newly-formed fibers are deposited layer by layer around a central core 
implicating a continuous growth of the lens. The outer layers (cortex) 
represent the younger part of the lens and the central region (nucleus) 
the older part. Since no cells are shed, an age gradient is developed in 
the lens. As a consequence of the unique growth pattern, the cellular, 
subcellular and molecular history of the lens is preserved within the 
adult lens. 
THE CLEAR AND THE OPAQUE LENS 
Several factors contribute to the transparency of the lens. Firstly, 
the tight structure of the closely interlocked, hexagonal fiber cells 
with very small intercellular spaces prevents scattering of light (7). 
Secondly, the bulk of the larger organelles which might scatter light are 
virtual lly absent in the largest part of the lens due to the loss of 
nuclei and mitochondria shortly after the elongation step. Thirdly, the 
proteins which make up the lens reveal a short-range, liquid-like or 
glass-like order that minimizes scattering (26). 
Upon aging of the human lens, a yellow color develops resulting in 
increased absorbance; this normal aging process does not necessarily lead 
to visual impairment (61). However, degenerative changes accompanying 
aging processes, intraocular diseases and genetic, metabolic, endocrine, 
chemical, radiation and traumatic disorders may cause lens opacification, 
called cataract (44,47). 
Human cataracts are extremely diverse in appearance and in order to 
study different types of cataract a classification system is necessary. 
Two main characteristics can be distinguished in cataractous lenses. 
Firstly, an increasing coloration of the lens nucleus, changing from pale 
yellow to dark brown or black ("nigra"); since progressive 
insolubilization of the lens proteins was found with increasing 
coloration, Pirie (76) introduced a classification scheme based on the 
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nuclear color of the in vitro lens. Secondly, an increasing clouding of 
the cortex in small discrete areas or as a widespread, uniform 
opacification. At the time of extraction, the majority of lenses are 
cataracts showing both types of changes. Owing to the large 
interindividual variations in insoluble protein content found within each 
group classified according to the Pirie system, a more refined scheme was 
developed based on nuclear color and sodium content (65). The reason was 
that the increase in insoluble proteins for each lens with coloration 
correlated closely with rising sodium content, which is an indicator of 
osmotic (cortical) involvement in cataract. A third system (21,22) relies 
on photographic pictures of the in vitro lens and documents objectively 
the visual cataractous changes; this complex system uses number scales 
for cortical opacities and nuclear color. Detailed visual descriptions of 
opacities of the in VÌVO lens can be obtained by slitlamp biomicroscopy 
based on the Scheimpflug principle; if connected to a photographic 
camera, scanning of the photograph provides a three-dimensional 
appearance of turbidity and fluorescence in the lens (49,63). 
LENS PROTEINS 
The lens has the highest protein concentration of any tissue; nearly 
all the dry weight and approximately 35% of the wet weight is protein. 
The lens shows a gradually increasing protein concentration from the 
periphery to the outer nucleus; throughout the whole nucleus a constant 
high concentration is present (32). About 95% of the proteins of a young 
lens are the water-soluble (WS) crystallins, lens-specific structural 
proteins. The remaining proteins are water-insoluble (WI) and comprise 
cytoskeletal and membrane proteins. In older lenses the WI-fraction 
contains increasing amounts of crystallins. Especially, the readily 
available calf lens has been subjected to very detailed investigations 
and its proteins are well characterized (reviews: 13,14,19,44,45). The 
lens proteins show a large heterogeneity in size and charge resulting 
from age-related modifications (reviews: 44,45,50,110) 
In addition to the crystallins, the WS-fraction comprises minor 
amounts of various enzymes that also show marked age-related changes, 
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such as increased heat lability and accumulation of inactive forms 
(44,48,73). In the following paragraphs some properties of the 
crystallins will be described with special reference to those of the 
human lens. Three main groups, a-, 0- and ï-crystallin, can be 
distinguished in mammalian crystallins as based on size, charge and 
immunochemical properties. 
Newly-synthesized α-crystallin, the largest structural lens protein, 
has a molecular weight of approximately 650 000 (92); upon aging its 
molecular weight increases up to 1.2 million (11,12,86). Recently, 
Thomson and Augusteyn (97) claimed the existence of native o-crystallin 
species possessing a molecular weight of about 400 000. However, 
re-examination by application of various physicochemical experiments 
under carefully controlled conditions, as physiological as possible, 
consistently confirmed the "classical" value of about 800 000 dalton; the 
formation of the 400 000 dalton species appeared to be caused by rather 
unphysiological conditions of pH and ionic strength (103). a-Crystallin 
is a spherically shaped aggregate composed mainly of four types of 
subunits (M 20 000); two of them (oA , oB ) are primary gene products 
whereas the other two arise by posttranslational modifications. Further 
age-related changes result in the occurrence of more modified chains 
(59,82,98). 
The ß-crystallins are the most heterogeneous population of lens 
proteins with sizes in the range from 40 000 to 200 000 dalton 
(11,12,52). Six subunits have been identified as primary gene products in 
the bovine lens (6) . In the human lens three major classes of native 
ß-crystallins can be distinguished on the basis of size, B..-, &,- and 
β -crystallin (58). They are all heterogeneous, are closely related to 
each other immunochemically and appear to be composed of predominantly 
the same polypeptide chains (113). In embryonic human lenses two acidic 
and three basic chains are present, some of which rapidly disappear 
during early development in favor of many more acidic polypeptides 
(82,98). The bovine lens also contains a monomeric ß-crystallin, p„ (M 
28 000) it is synthesized during postnatal life instead of ï-crystallin 
(88). However, this polypeptide appears to have an overall structure more 
alike that of the ï-crystallins than that of the 0-crystallins (79). 
The monomeric ¡T-crystallins have similar amino acid compositions and 
are highly symmetrical and stable molecules as elucidated by the 
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three-dimensional structure of bovine ïll-crystallin (15,109). Instead 
of some basic ï-crystallins, only present in young human lenses, many 
acidic У chains occur in adult ones (82,98), corresponding to the 
size-fractionated Ï - and ï_-crystallins, respectively. Electrophoretic 
studies have revealed a large size and charge heterogeneity of 
Ï -crystallin from adult human lenses (55,114). There is a debate whether 
human Ï -crystallin is identical to β -crystallin (45,54,114) recently, 
application of immunochemical techniques and tryptic peptide mapping have 
indicated that this species belongs to the ï-crystallin family (116). 
Adult human lenses also contain polypeptide chains of about 10 000 dalton 
and less, representing degradation products of various crystallin species 
(81,82,114). 
AGING LENS PROTEINS AND NUCLEAR CATARACT 
In the aging lens several processes occur that modify the proteins 
(44,50); these processes seem to continue more progressively during 
nuclear cataract formation and are associated with coloration and 
fluorescence of the lens nucleus (58,61,66,76). These processes include 
deamidation, oxidation of methionine, racemization, glycosylation, 
carbamylation and photo-oxidation. [It should be noted that the 
introduction of charged groups into the proteins is not exclusively due 
to deamidations of asparagine and glutamine residues, but may also result 
from other posttranslational modifications such as fosforylations (93).] 
These modifications may cause altered protein conformations, which make 
them more susceptible to the formation of disulfide and non-disulfide 
covalent crosslinks leading to aggregation and, ultimately, 
insolubilization (44,50). The level of large protein aggregates increases 
with age and cataractogenesis; they probably represent intermediates in 
the formation of insoluble proteins. Spector (90) has described the 
involvement of ï-crystallin, disulfide-linked to an extrinsic membrane 
protein which is bound to the inner surface of the membrane by calcium 
ions. In addition, a- and 15-crystallin also seem to be present in this 
aggregate (84,96). Some non-disulfide covalent crosslinks have been 
identified in the human lens: ß-carboline (28), bityrosine (39), 
19 
oxindolyl alanine (29) and ï-glutamyl-e-lysine (64) However, the 
reported amounts of these crosslinks are insufficient to explain the 
great amounts of non-disulfide covalently bound insoluble proteins found 
in cataracts Since at least two fluorescent browning products are 
detected in the human lens, another possibly important crosslink may 
originate from nonenzymatic glycosylation (69) In vitro experiments have 
revealed the structure of such a crosslink as 
2-(2-furoyl)-4(5)-(2-furanyl)-lH-imidazole (77) 
Lys 
Nonenzymatic glycosylation and isopeptide bond formation as well as 
carbamylation involve free protein amino groups Indeed, a loss of free 
amino groups has been found to occur during the insolubilization process 
associated with nuclear cataract (38) However, Truscott (100) could not 
observe significant differences m free protein amino groups comparing 
nuclei from cortical and advanced nuclear-cataractous lenses, moreover he 
states that the great majority, if not all, of the ε-amino groups of 
lysine residues exists in the free form 
PHOTO-OXIDATION 
The increased pigmentation with nuclear cataract formation is supposed 
to be due, at least in part, to oxidation products of aromatic compounds, 
particularly tryptophan (60,117) Some kynuremne derivatives (10A), 
ß-carbolines (28), oxindolyl alanine (29) and anthramlic acid (39,102), 
oxidative metabolites of tryptophan, are detected m the human lens 
Associated with the pigmentation is the non-tryptophan fluorescence 
involving at least three fluorophores which are part of the non-disulfide 
covalently crosslinked proteins The process of their formation may be 
induced by prolonged exposure of the lens to UV radiation above 295 nm, 
where the cornea no longer absorbs (60,117) Recently, many studies have 
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shown the effects of UV light on the intact lens (18,46,53,106,111,115) 
and separated lens components (3,17,30,37,105,112); several cataract-like 
phenomena have been documented including protein crosslinking, lipid 
peroxidation and decreased transport of cations and amino acids. 
FREE RADICALS AND THEIR SCAVENGERS 
It has been assumed that certain UV light-induced processes involve 
free radicals, species with one or more unpaired electrons. Usually, 
these processes require oxygen and a photosensitizer. After energy 
transfer from the sensitizer molecule excited by UV radiation to ground 
state oxygen, highly reactive oxygen species are produced: superoxide 
radical, hydrogen peroxide, hydroxyl radical and singlet oxygen. Free and 
protein-bound tryptophan are believed to act as photosensitizer in the 
free radical-induced destruction of proteins. In addition to proteins, 
other biomolecules such as DNA and lipids can be the target of these 
damaging species (43,78,87). 
Highly reactive radicals produced in biological systems are 
essentially confined to their immediate vicinity as a direct consequence 
of their extreme reactivity. This leads to primary reactions and damage 
in the immediate surroundings in which they are produced. However, 
secondary products which are usually less reactive radicals, may spread 
out before reacting further and produce disturbances at a distance. This 
type of events is likely to occur in lipid peroxidation where secondary 
products such as lipid hydroperoxy radicals and hydroperoxides may 
diffuse throughout the membrane and cell, even into the extracellular 
space (87). 
Since oxygen seems to play a crucial role in the free radical induced 
damage to biostructures, a short review is presented concerning oxygen 
radicals and protective mechanisms in biological systems. For more 
detailed information the reader is referred to some recent reviews 
(36,40,68,78). 
Besides the tetravalent reduction of oxygen observed in the 
mitochondrial electron transport system, oxygen can also be converted to 
water by a non-enzymatical process involving a univalent reduction, 
depicted below: 
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О + e" Ь О, superoxide radical 
0~ + 2Н + е~ » Н О . hydrogen peroxide 
Η,Ο + Η + e" •»OH + H O hydroxyl radicai 
• OH + H + + e" •H 20 
Singlet oxygen can be produced when biological pigments are illuminated 
in the presence of 0»· 
UV 0 • 0 * singlet oxygen 
Just as hydrogen peroxide, singlet oxygen has no unpaired electrons and, 
thus, is not a radical. 
Free radical damage to biological systems often involves interactions 
between reactive oxygen species, such as the interaction between H.O. and 
0_ ("Haber-Weiss cycle") and the interaction between 0 , a free radical 
by itself, and a mixture of H O and ·0Η, the socalled "oxygen effect" 
Mixtures of reactive oxygen species were found to induce damage greater 
or smaller than that predicted on the basis of independent actions of 
constituent species (56). 
The 0~ radical is formed m almost all aerobic cells; an important 
source are the phagocytic cells when they get m contact with foreign 
particles or immune complexes Futhermore, several oxidase/dehydrogenase 
enzymes may be involved in 0 9 generation in VIVO Protection is achieved 
by superoxide dismutases (SOD), a group of metalloproteins, that catalyze 
the dismutation to the less reactive H„0 • 
20^ + 2H + • H ^ + 0 2 
H.0„ is a normal biochemical constituent, it is produced by the 
dismutation of 0~ and occurs on several oxidase/dehydrogenase catalyzed 
reactions. Protective systems against H„0 include catalase, a heme 
protein, and peroxidases of which the selenium containing glutathione 
peroxidase has the greatest potentiality of protective action for the 
cell. Glutathione peroxidase appears to be important in removal of both 
H 0_ and lipid peroxides arising from lipid peroxidations. 
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Formation of ·0Η is due to the reduction of H O and is catalyzed by 
iron ions (Fenton reaction) 
H O + F e 2 + • Fe 3 + + OH" + »OH 
Copper ions also react with H„0 to make ·0Η, even at a greater rate than 
iron ions do »OH is the most reactive oxygen radical and will react 
immediately with a biomolecule in its vicinity, producing secondary 
radicals of variable reactivity Polyunsaturated lipids are liable to 
peroxidation because of the presence of carbon-carbon double bonds which 
weaken the carbon-hydrogen bond on the adjacent carbon atom Removal of 
that hydrogen atom by interaction with »OH leads to a lipid hydroperoxide 
and a lipid radical (initiation step of lipid peroxidation) These 
reactive intermediates are capable of causing extensive autocatalytic 
chain reactions involving lipid alkoxy and peroxy radicals, the 
propagation step The chain reactions will terminate if lipid radicals 
interact with each other and this results in lipid breakdown products 
including alkanes, alkenes and malonaldehyde Thus, this reaction 
sequence leads to an enormous amplification of the initiating event and 
could account for extensive lipid peroxidation by a very small amount of 
initiating oxyradicals 
In addition to the free radical scavenging enzymes mentioned, several 
non-enzymatical antioxidants, endogenous or exogenous to the human cell, 
may play an important role in the defense against damage induced by free 
radicals 
Glutathione The tripeptide glutathione (GSH), widely distributed in 
biological systems, has a major potential for the reductive removal of 
H.0_ in the reaction catalyzed by GSH-peroxidase However, GSH can also 
react with 0~, »OH and 0 ^ nonenzymatically (57) 
Ascorbic acid (vitamin C) This essential dietary component reacts with 
0~ producing H_0 and dehydroascorbic acid (71) 
α-Tocopherol (vitamin E) Vitamin E, an exogenous antioxidant of the 
human cell, protects membrane lipids mainly by its ability to reduce 
polyunsaturated lipid peroxide free radicals Besides this chain-breaking 
activity, vitamin E appears to be an effective O,"1" scavenger (72) 
Restoration of the oxidized vitamin E to the reduced compound is assumed 
to occur with the participation of ascorbic acid (75) 
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Carotenoids ß-Carotene is known to be an excellent CL^ scavenger (35) 
Burton and Ingold (20) have demonstrated that ¡5-carotene is also a 
chain-breaking antioxidant in lipid peroxidation, being effective at low 
partial oxygen pressures found m most tissues under physiological 
conditions. 
Une acid Uric acid protects membranes against lipid peroxidation and is 
a scavenger of reactive oxygen species (1,89). Ames and coworkers (1) 
have proposed that uric acid is partly responsible for man's relatively 
long life span due to its antioxidative power 
Glucose. Glucose has been reported to be a weak »OH scavenger (85). 
Since it occurs in relatively high concentrations in biological systems, 
it may perform an antioxidative role at physiological concentrations 
Many other normal cellular components are able to function as quenchers 
of activated oxygen species Choline (70) and ceruloplasmin (42) appear 
to have antioxidant properties Histidm, tryptophan, cysteine, tyrosine 
and methionine are reported to trap 0 (34) 
With respect to the lens, which is susceptible to photo-oxidatively 
produced free radicals, several investigators have proposed that reactive 
oxygen species play an important role in the changes seen in proteins and 
membranes during aging and, especially, cataractogenesis 
(5,16,27,41,60,62,67,91,105,106,107,108,111) Some different mechanisms, 
concerned with protection against oxidative effects, are present in the 
human lens (4) Major protection is achieved by the GSH enzyme system 
which is involved in the detoxification of H O and other peroxides The 
cause for decreased GSH content found in senile cataracts as compared to 
clear lenses (2,101) has been attributed to decreased activity of 
GSH-peroxidase (33) and decreased GSH synthesis (80) Since lenticular 
catalase is primarily localized in the epithelium and very low levels are 
found in the remainder of the lens (8), it presumably protects the lens 
from H O generated in the surrounding aqueous humor No change in 
catalase activity is observed with formation of nuclear cataract (33) 
The highest activity of superoxide dismutase is also present in the 
epithelial layer of the lens (9), its activity in the human lens 
decreases with progression of cataract (33,74) No differences in content 
of vitamin E are found comparing clear and cataractous human lenses (31), 
however, this antioxidant is able to diminish or prevent the formation of 
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cataract in rat lenses induced by glucose (23), elevated temperature 
(94), ionizing radiation (83) or galactose (24). The levels of ascorbic 
acid in the human lens are lowered in cataracts (10). In the human lens 
the antioxidative capacity of glucose seems negligible in comparison with 
the detrimental osmotic effects at high glucose concentrations observed 
in diabetic cataracts. 
AIM AND OUTLINE OF THIS THESIS 
As the human ocular lens ages, it displays pronounced changes at the 
level of structural proteins, the crystallins, leading to protein 
unfolding, aggregation and insolubilization; ultimately, these changes 
may cause lens opacifications. This investigation was undertaken to 
obtain more insight into some chemical aspects of age- and 
cataract-dependent alterations in the human lens, with special emphasis 
on those related to oxidative processes. 
The composition of the soluble proteins has been documented by several 
authors, using pooled lenses; however, this prevents the detection of 
possible biological variations between lenses of the same age or cataract 
group. The introduction of high-pressure gel permeation chromatography 
(HPGPC) and high-pressure ion-exchange chromatography (HPIEC), enabled us 
to investigate the size and charge distribution of the crystallins in a 
great number of layers scraped off from a single human lens (chapter II). 
In addition to decreased solubility of the crystallins, the lens 
proteins show an age-dependent increase in non-tryptophan fluorescence, 
due to the generation of fluorophores. These fluorophores occur 
predominantly in the nucleus and increase further with formation of 
nuclear cataract. Investigations on age- and cataract-related changes of 
non-tryptophan fluorescence of native crystallins have revealed the 
particular involvement of ï-crystallin. The process leading to the 
non-tryptophan fluorescence is believed to be due to oxidations involving 
free radicals and, thus, may be prevented or diminished by free radical 
scavengers or antioxidants (chapter III). 
The greatest intensity of non-tryptophan fluorescence of the soluble 
proteins is accomplished by high-molecular-weight (HM) crystallin, which 
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is supposed to be an intermediate in the insolubilization process 
HM-crystallm has been investigated by spectroscopic, electrophoretic and 
HPLC techniques and comprises loosely-bound aggregates, composed of 
crystallins and other lens components (section IV.1). Progression of the 
insolubilization process, especially in nuclear cataracts, results in the 
formation of disulfide bridges and other covalent crosslinks. The 
possible presence of such a non-disulfide covalent crosslink, 
lanthionine, m insoluble proteins of advanced nuclear-cataractous lenses 
is discussed (section IV.2). 
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AGE-RELATED VARIATIONS IN THE DISTRIBUTION OF 
PROTEINS FROM BOVINE LENS PARTS 
INTRODUCTION 
Owing to its unique growth pattern the lens is an ideal tissue to 
study the process of differentiation and aging Epithelial cells, 
constituting an outer single layer at the anterior part, differentiate in 
the equatorial region to form elongated fiber cells After the embryonic 
lens has been formed, the fiber cells are continuously laid down 
throughout the prenatal and postnatal life of the animal Since the lens 
never sheds cells and shows essentially no protein synthesis in the 
nucleus, the oldest protein is found in this part of the lens Thus, lens 
protein composition may be altered by two m a m mechanisms a) changes In 
protein synthesis with time, especially during cell differentiation, b) 
changes in lens proteins as a consequence of aging, involving 
posttranslational modification of the proteins (Harding and Dilley, 
1976) 
Variation in the lens protein composition as a function of age can be 
investigated by comparison of successive layers of fiber cells within the 
lens or comparing whole lenses of different age Van Kamp and Hoenders 
(1973) separated a calf lens into nine concentric layers and extracts of 
these layers were fractionated by gel permeation chromatography The same 
analysis technique was applied by Bours, Wieck and Hockwin (1978) using 
bovine lenses divided into equator, anterior cortex, posterior cortex and 
nucleus Age-related changes in the composition of native proteins from 
bovine lenses were also examined by isoelectric focusing, 
isotachophoresis and Immunoelectrophoresis (Bours, 1980, 1984, Bours, 
Doepfmer and Hockwin, 1976, Bours, Zauzig, Rink and Delmotte, 1980) 
Generally, similar results are obtained, namely an increase in the 
content of HM- and β -crystallin and a decrease in that of a- and 
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β -crystallin, both into the direction of the nucleus and in lenses of 
increasing age Some confusion exists about changes in content of 
ï-crystallm, due to different techniques used and the assignment of the 
low molecular weight components 
In this study, we have used both approaches for the investigation of 
age-dependent variations in the distribution of water-soluble bovine lens 
proteins For that purpose bovine lenses, covering the whole lifespan of 
the animal, were divided into equator, anterior and posterior cortex and 
nucleus Roughly, one may state that these parts comprise proteins of 
increasing age Fractionation of the native water-soluble proteins was 
done by high-pressure gel permeation chromatography (HPGPC) and 
high-pressure ion-exchange chromatography (HPIEC). 
MATERIALS A N D METHODS 
Preparation of lens parts and extracts 
Bovine lenses of various ages were obtained from the slaughter house 
The lenses were decapsulated, frozen at -20 С and divided into four parts 
equator, anterior cortex, posterior cortex and nucleus (Hockwin and 
Kleifeld, 1965, Bours et al , 1976) The four lens parts were homogenized 
in distilled water at 40C and centrifuged at 38 OOOxg for Ih at 40C The 
pellets were washed with distilled water and centrifuged, this procedure 
was repeated six times For each lens part the original supernatant and 
the washings were combined, lyophilized and weighed (WS water-soluble) 
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High-pressure gel permeation chromatography (HPGPC) 
HPGPC was carried out at room temperature on TSK columns (Toyo Soda), 
which were interconnected in sequence of descending pore size: GSWP 
(10x0.75 cm), G4000 SW and 2 χ G3000 SW (30x0.75 cm, each). The elution 
buffer was composed of 0.1 M Na sulfate, 1 mM EDTA and 0.02 M Na fosfate 
at pH 6.9 and was Millipore-filtered (0.2 μηη). Elution was performed at a 
constant flow rate of 0.6 ml/min (pressure near 30 bar) using an 
Altex/Beckman model 100A pump; the elution buffer was continuously 
deaerated by helium gas. The proteins were monitored with a differential 
refractive index detector (Melz: LCD 201). Quantitative estimation of the 
crystallin fractions was carried out by peak area integration using a HP 
3353 data system (Hewlett Packerd). 
The samples were prepared by dissolving lyophilized WS material in 
elution buffer at a protein concentration of 8.6±0.2 rag/ml. Sample 
application was done with a 200 yl loop injector (Valco: CV-6-UHPa). 
Calibration of the column system was performed with the following 
standards: thyroglobulin (670 kDa), catalase (250 kDa), ï-globulin (150 
kDa), bovine serum albumin dimer (136 kDa), bovine serum albumin (68 
kDa), ovalbumin (43 kDa), o-chymotrypsinogen (26 kDa), myoglobin (17 kDa) 
and cytochrome с (13.5 kDa). The standard graph was prepared from the 
plot of log molecular weight vs retention time. 
High-pressure ion-exchange chromatography (HPIEC) 
HPIEC was carried out at room temperature on a TSKgel DEAE-5PW column 
(7.5x0.75cm) (Toyo Soda) with a SP8700 solvent delivery system, equipped 
with a SP8750 organizer (Spectra Physics). Using a Valco loop injector 
(50 vl), 200 vg protein dissolved in 5 mM Tris-HCl (pH 8.0) was applied 
to the column, which was equilibrated in the same buffer. After 5 min 
elution with initial buffer, a linear gradient from 0 to 0.2 M NaCl in 
the same buffer in 45 min, was followed by a second linear gradient from 
0.2 to 0.5 M NaCl in 15 min. Elution was performed at a constant flow 
rate of 0.6 ml/min (pressure near 10 bar); the Millipore-filtered buffers 
were continuously deaerated by helium gas. The absorption of the effluent 
was monitored at 280 nm with a LC3 UV detector (Pye Unicam). 
37 
RESULTS 
Fractionation according to size 
Water-soluble (WS) proteins from different parts of bovine lenses of 
various ages were fractionated on a combination of three TSKgel SW type 
columns with two different pore sizes. This leads to an excellent 
one-step separation of the crystallins within a relatively short time (60 
min). The same column combination but twice as long was applied by 
Bindeis, de Man and Hoenders (1982); they achieved a superior resolution 
of the oligomeric ß-crystallins from bovine lens proteins. The recently 
introduced nomenclature for the ß-crystallins, where a numerical 
superscript indicates the number of subunits (Bindels, Koppers and 
Hoenders, 1981; Bindels et al., 1982) is also used in this study. Because 
of the confusion with respect to the assignment of &_- and Ï -crystallin 
(Harding and Dilley, 1976 Kabasawa, Tsunematsu, Barber and Kinoshita, 
1977), we arbitrarily call these monomeric species M-crystallins. 
The DRI (differential refractive index) elution patterns of the 
WS-fractions from the equators of bovine lenses with increasing age are 
shown in Fig.l; ten more or less separated crystallin fractions can be 
observed. Table 1 summarizes the retention times and molecular weights, 
as determined from the calibrated HPGPC system, of the fractionated 
native crystallins. HM-crystallin which elutes in the void volume and, 
therefore, has a molecular weight larger than 4 million (Bindels and 
Hoenders, 1983), is absent in the equator of the youngest lenses. The 
most abundant fraction, eluting at 39.2 min, is o-crystallin no 
difference in size is seen with increasing age of the lens. All fractions 
eluting between 42.0 and 55.0 min are ß-crystallins. The predominant 
6 
ß-crystallin aggregates in the youngest lens have a hexameric (&„: 48 
2 H 
min) and dimeric (β : 52.7 min) structure. With age the ß-crystallins 
L π 
(42.0-50.5 min) gradually become more heterogeneous. In the equator of 
the youngest lens two discrete M-crystallin fractions are found with 
clearly different molecular weights (M-: 56.2 min and M,: 57.8 min). 
M.-crystallin decreases progressively in content with increasing age. The 
minor fraction eluting at 55.3 min is called M-crystallin. 
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Fig.1. High-pressure gel permeation chromatography of soluble crystallins 
from the equator of the aging bovine lens (0.3- to 33.7-years of age). 
See Table I for assignment of the fractions. 
Fig.2. High-pressure gel permeation chromatography of soluble crystallins 
from the anterior cortex of the aging bovine lens (0.3- to 33.7-years of 
age). See Table I for assignment of the fractions. 
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Figure 2 shows the DRI elution patterns of the WS-fraction from the 
anterior cortex. The patterns obtained with the posterior cortex (not 
shown) are very much the same which is not surprising, because the 
anterior and posterior cortex are part of the same fiber cell area. Again 
o-crystallin is the most prominent fraction the peak is, however, broader 
than that of the equator which means that o-crystallin has a larger size 
heterogeneity. As for the equator, ^„-crystallin is the most abundant 
η 
Ρ -oligomer in the younger lens cortex; the cortex of the older lenses 
л 
contains more of the pentameric than of the hexameric structure. With 
increasing age M,-crystallin, almost the only monomeric species in the 
youngest lens cortex, is gradually replaced by M,-crystallin; in the 
oldest lens M,-crystallin is virtually absent. 
Age <y»M) DRI 
35 АО 4 5 ЭО 5 5 6 0 
Я ч д Чюп l ime (mks) 
Fig.3. High-pressure gel permeation chromatography of soluble crystallins 
from the nucleus of the aging bovine lens (0.3- to 33.7-years of age). 
See Table I for assignment of the fractions. 
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The variation in protein profiles of the nuclear parts from bovine 
lenses with increasing age is shown in Fig.3, striking differences in 
profile are apparent. The most abundant fraction in the youngest nucleus, 
a-crystallin, is almost absent in the oldest one. The ß-crystallins 
become more heterogeneous with age· (i) ßu-crystallin, which is almost 
π 
the only β -oligomer in the youngest nucleus, is to a great extent 
η 
replaced by at least four fractions with larger and smaller numbers of 
subumts (0 , ß u, β„, β„ ) (ii) a β -component with a retention time of 
η л η π L 
54.5 min increasingly takes the place of the major β -crystallin fraction 
2 L 
(β.: 52.9 min). Contrasted with the equators and the cortices, 
M,-crystallin remains the predominant monomeric species in the nuclei. 
To obtain a better insight into the alterations in protein profiles 
within the lens, Fig.4 shows the elution patterns of the four parts from 
the youngest (A) and oldest lens (B). Within the young lens a clear 
difference is seen in the monomeric crystallins: M -crystallin (56.2 
min), a distinct component of the equatorial proteins, is absent in the 
nucleus. In the old lens, the nucleus is the only part with a large 
proportion of M -crystallin; furthermore, this part contains only minor 
3
 2 
amounts of a- and β -crystallin 
Table I. Apparent molecular weights (M ) and retention times (tR, m m ) of 
bovine crystalline 
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41 
Retention t i m e (rrwi) 
5 5 60 
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Fig.4. High-pressure gel permeation chromatography: Elution patterns of 
the four parts from the 0.3-year-old (A) and 33.7-year-old (B) bovine 
lens. From top to bottom: equator, anterior cortex, posterior cortex and 
nucleus.See Table I for assignment of the fractions. 
Fig.5. Proportions of the crystallins (with respect to total soluble 
proteins) in aging bovine lens parts. The proportions are calculated from 
the peak areas of the patterns in Figures 1-3. 
ρ о equator; Δ Δ anterior cortex; ν V posterior cortex; 
9 · nucleus. 
42 
Distribution of bovine crystallins 
The age-dependent changes in the proportions of the HM-, α-, β,,-, ßT -, 
Μ„- and Μ -crystallins in the four lens parts are shown in Fig.5. The 
proportions are calculated from the areas under the peaks of the DRI 
profiles. The ß-crystallins of bovine lenses are subject to 
concentration-dependent aggregation-dissociation reactions (Li, 1979; 
Bindels et al., 1981). Therefore, the protein concentrations of the 
samples were taken about the same (8.6±0.2 mg/ml) which implies that the 
variations of the relative amounts with age of $„- and β -crystallin are 
η L 
significant. 
Interesting observations with respect to the proportions of the 
crystallins with increasing age of the lens are: 
1) HM-crystallin, present in minor amounts, does not change very much; 
2) a decrease of nuclear o-crystallin till almost zero in the oldest 
lens, and not counterbalanced by an increase of HM-crystallin; 
3) after an initial increase, the proportion of nuclear ß„-crystallin 
π 
remains the same its proportion is always larger in the nucleus than in 
other parts of the same lens; 
4) the increase of nuclear ß„-crystallin is not compensated for by a 
η 
decrease of β.-crystallin the proportion of β
τ
-crystallin is lowest in 
the nucleus of each lens; 
5) M -crystallin increases in the nucleus; 
6) M,-crystallin decreases in equator and cortex, but remains equal in 
the nucleus with a proportion always larger than in the other lens parts; 
in the equator of older lenses M -crystallin is almost absent. 
Fractionation according to charge 
A second method to analyze native proteins is fractionation according 
to charge. Recently, a column for HPIEC (TSKgel DEAE-5PW) has been 
introduced with pore sizes suitable for proteins with large molecular 
weights (Kato, Nakamura and Hashimoto, 1983). Figure 6 shows the A280 
elution patterns of the WS-proteins from the four parts of the youngest 
(0.3-year-old) and oldest (33.7-year-old) lens. The assignment of the 
43 
Fig.6. High-pressure ion-exchange chromatography on a TSKgel DEAZ-5PW 
column A280 elution patterns of the four parts from the 0 3-year-old 
(A) and 33 7-year-old (B) bovine lens From top to bottom 
equator,anterior cortex, posterior cortex and nucleus See text for 
assignment of fractions. 
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individual crystallins on the HPIEC profile was done with isolated 
crystallins from calf cortex, obtained by HPGPC. The fractions eluting 
between 3.5 and 24.5 m m are monomeric crystallins of which M -crystallin 
fractions are the more basic ones (3 5 to 18.0 min). As with the HPGPC 
analyses, only a small proportion of M -crystallins is obtained in the 
equator of the young lens and almost none in the equator and cortex of 
the old one. The nuclei of both lenses contain a high amount of that 
fraction Furthermore, the proportion of M -crystallin is smaller in the 
nucleus of the old lens than in that of the young one. The peaks between 
24.5 and 42.5 min are derived from the ß-crystallins this very 
heterogeneous part of the elution pattern shows only slight differences 
within each lens and between the two lenses. Fractions with elution times 
larger than 42 5 m m were supposed to be a-crystallin. 
In all lens parts we observed a large peak m the a-crystallin range. 
In the old nucleus, however, almost no α-crystal lin is present as shown 
in the HPGPC analysis (Fig 4B) This discrepancy is caused by the 
M -crystallin species. Part of the size-fractionated M -species elutes in 
the presumed a-crystallin range Furthermore, it appeared that on 
isoelectric focusing in 7M urea of HPGPC-isolated M -crystallins from old 
bovine lenses several bands are present in the pi range of a-crystallin 
subunits (not shown) . It is also interesting that in all four parts of 
the old lens the a-crystallin peak is split up into three fractions. 
Whether this is caused by the appearance of discrete a-crystallin 
subspecies or by the more acidic M-crystallins, needs further 
investigation. The minor fraction eluting at about 55 min is possibly 
FM-crystallin (Van den Broek, Leget and Bloemendal, 1973). 
DISCUSSION 
In the discussion of age-dependent variations in the composition of 
lens proteins, two distinct processes must be considered. Firstly, the 
nature of the proteins synthesized may differ with age, especially during 
cell differentiation, and secondly, the proteins may alter as a 
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consequence of aging, involving postsynthetic modification (Harding and 
Dilley, 1976) Our approach to the first process has been to compare the 
proteins isolated from the equator of lenses of different ages According 
to the unique growth pattern of the lens, equatorial proteins are 
recently synthesized and thus should not be markedly affected by 
posttranslational modifications To investigate the aging process, we 
have analyzed proteins from lens nuclei, the oldest part of the lens In 
the nucleus of adult animals no synthesis of new proteins occurs 
(Wannemacher and Spector, 1968) which implies that nuclear proteins have 
persisted essentially throughout the lifespan of the animal Within the 
lens, cortical proteins are intermediate in age It should be noted that 
m this study lenses with ages covering the whole range of the animal's 
life expectancy have been used 
With HPGPC on TSKgel SW type columns, we have shown excellent 
fractionations of WS-protems from bovine lens parts within one hour The 
elution patterns of the cortex and nucleus from the 0 3-year-old animal 
are about the same as those obtained by Bindels et al (1982) for a 
0 5-year-old calf lens Only the proportion of β -crystallin is larger in 
η 
the latter study, but this can be ascribed to a much higher protein 
concentration of the sample The difference in protein composition of 
WS-fractions from calf and cow lens cortex and nucleus has also been 
shown by means of gel chromatography on Bio-Gel A-5m (van Kleef and 
Hoenders, 1973) The same column was also used to fractionate WS-extracts 
of concentric layers dissected from a calf lens (van Kamp and Hoenders, 
1973) In the direction of the center of the lens, they observed an 
increase m proportion of HM-, β„- and ï-crystallin and a decrease in α­
π 
and fL -crystallin which is in fair agreement with our findings for the 
youngest lens 
Interesting changes are seen for the monomenc crystallins of the 
younger lenses The proportion of M,-crystallin, the major monomenc 
crystallin in all nuclei, decreases gradually in favor of M,-crystallin 
in equator and cortex as a function of age This phenomenon is an 
indication for a switch in the synthesis of monomenc crystallins. 
Extrapolation to a zero M -crystallin concentration leads to the result 
that the switch takes place in the second trimester of prenatal life 
Moreover, analyzing whole fetal lenses (not shown), the first indication 
for the presence of M,-crystallin was observed in lenses of 5 months 
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gestation . Thus, the switch in synthesis of M-crystallins is about 
halfway prenatal life. The increased amount of M.-crystallin in the aging 
nucleus is caused by the fact that always 80% of the lens diameter was 
trephined. As the lens grows with increasing age, this means that more 
and more fibers of younger age are included in the nuclei isolated. 
With respect to the designation of the monomeric crystallins some 
disagreement and confusion exists; several workers (Slingsby and Croft, 
1973; Harding and Dilley, 1976) assume that the У -crystallin species is 
π 
identical to β -crystallin, isolated by van Dam (1966), whereas others 
о 
argue that these are different monomeric crystallins (Kabasawa et al, 
1978; Bindeis et al, 1982). To circumvent this imperfect nomenclature, we 
have introduced the arbitrary designation of M(monomeric)-crystallins. It 
may be clear that M,-crystallin is synonymous to Ï.-crystallin. Whether 
M,- or M-crystallin is identical to (5„- and/or y„-crystallin is obscure. 1 ζ Ь η 
If M.-crystallin is identical to ? -crystallin, then M-crystallin is 
presumably another ß-crystallin entity. SDS gel electrophoresis and 
isoelectric focusing did not give sufficient evidence to solve this 
problem, due to contamination of the minor M-crystallin species with 
adjacent fractions. Based on the calibrated HPGPC column system, its 
molecular weight is about 30 000. On the other hand, M„-crystallin has a 
molecular weight of 24 000 obtained under native conditions and by SDS 
gel electrophoresis. Van Dam (1966) found a molecular weight of 28 000 
for ß<,-crystallin using ultracentrifugai analysis. Thus, based on size 
our M1-crystallin species is a more suitable candidate to be considered 
as ß„-crystallin. However, on comparison of nuclei and cortices from 
calf and cow lenses, Slingsby and Croft (1973) found similar changes in 
proportion of & -crystallin as we did for our M -component. 
With aging of the nuclear crystallins the appearance of a novel 
fraction eluting at 54.5 min is remarkable (Fig. 3). This fraction has an 
apparent molecular weight of 39 000 and seems to arise from the major 
2 
0. -crystallin species (β,). It probably exists as a dimer of the 
βΒ -subunit and a 15 000 Da subunit as seen on SDS gel electrophoresis of 
the impure fraction (not shown). Studying age-related changes in the 
polypeptide composition of bovine ß-crystallins, Zigler (1978) has shown 
that the mature lens nucleus is characterized by increased contents of 
lower molecular weight polypeptides. Unfortunately, he did not mention 
the values of the molecular weights in the SDS-gels, but it is probable 
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that a 15 000 Da polypeptide was included We suppose that the 54.5 min 
2 
component is formed by a postsynthetic modification from β -crystallin 
Separation by HPIEC yields interesting information about the charge 
heterogeneity of the native crystallins within a lens (Fig.6). 
Generally, this heterogeneity increases from the periphery to the center 
of the lens In contrast with the HPGPC analyses, no decrease in the 
contents of the fraction eluting in the o-crystallin range is found This 
discrepancy is caused by the presence of more acidic M,-components in 
this range. The switch in synthesis from the M - to the M -crystallin 
species then again is obvious. 
To conclude, we can state that with columns for HPGPC and HPIEC, as 
used in this study, small parts of a lens (corresponding to approximately 
2 mg of protein) can be analyzed, revealing a detailed picture of changes 
in size and charge of the native crystallins going from the youngest to 
the oldest part of the lens. If this is done with lenses of ages 
covering the whole life expectancy of an animal, a comprehensive 
understanding concerning switches in synthesis and posttranslational 
modifications of the crystallins is possible 
ACKNOWLEDGMENTS 
We are grateful to Prof. H. Bloemendal for valuable discussions. The 
TSKgel DEAE-5PW column was a generous gift of the Toyo Soda Company This 
work was carried out within the scope of the EC Concerted Action on 
Cellular Aging and Diseases (EURAGE). 
48 
REFERENCES 
Bindeis JG, Koppers A and Hoenders HJ (1981): Structural aspects of 
bovine ß-crystallins: physical characterization including 
dissociation-association behaviour. Exp. Eye Res. 33, 333-343. 
Bindels JG, de Man BM and Hoenders HJ (1982): High-performance gel 
permeation chromatography of bovine lens proteins in combination 
with low-angle laser light scattering. Superior resolution of the 
oligomeric P-crystallins. J. Chromatogr. 252, 255-267. 
Bindels JG and Hoenders HJ (1983): Artificial peaks in gel permeation 
chromatography due to combining column supports with different pore 
size. J. Chromatogr. 261, 381-390. 
Bours J (1980): Species specificity of the crystallins and the albuminoid 
of the aging lens. Comp. Biochem. Physiol. 65B, 215-222. 
Bours J (1984): Isotachophoresis and immunoelectrophoresis of 
water-soluble and -insoluble crystallins of the ageing bovine lens. 
Current Eye Res. 3, 691-697. 
Bours J, Doepfmer К and Hockwin 0 (1976): Isoelectric focusing of 
crystallins from different parts of the bovine and the dog lens in 
dependence of age. Doc. Ophthalmol. Proc. Series 8, 75-89. 
Bours J, Wieck A and Hockwin 0 (1978): Gel filtration chromatography of 
crystallins and nucleic acids from different parts of the bovine 
lens in dependence on age. Interdiscipl. Topics Gerontol. 12, 
205-220. 
Bours J, Zauzig Η-D, Rink H and Delmotte Ρ (1980): The crystallin 
composition of bovine lens epithelium, equator and nucleus, in 
relation to aging: a comparison of isotachophoresis, isoelectric 
focusing and antigen/antibody crossed electrophoresis. Analyt. Chem. 
Symp. Series 5, 207-220. 
Harding JJ and Dilley KJ (1976): Structural proteins of the mammalian 
lens: a review with emphasis on changes in development, aging and 
cataract. Exp. Eye Res. 22, 1-73. 
Hockwin 0 and Kleifeld 0 (1965): Das Verhalten von Fermentaktivitaten in 
einzelnen Linsenteilen unterschiedlich alter Rinder und ihre 
Beziehung zur Zusammensetzung des wasserlöslichen Eiweisses. In: Eye 
Structure (ed. Rohen), Schattauer, Stuttgart, Pp. 395-401. 
49 
Kabasawa I, Tsunematsu Y, Barber GW and Kinoshita JH (1977): Low 
molecular weight proteins of the bovine lenses. Exp. Eye Res. 24, 
437-448. 
Kato Y, Nakamura К and Hashimoto Τ (1983): New ion exchanger for the 
separation of proteins and nucleic acids. J. Chromatogr. 266, 
385-394 
Li L-K (1979): Effects of temperature, concentration and 
carboxy-raethylation on interactions of calf lens crystallins. Exp. 
Eye Res. 28, 717-737. 
Slingsby С and Croft LR (1973): Developmental changes in the low 
molecular weight proteins of the bovine lens. Exp. Eye Res. 17, 
369-376. 
Van Dam AF (1966): Purification and composition studies of f5-crystallin. 
Exp. Eye Res. 5, 255-266. 
Van den Broek WGM, Leget JN and Bloemendal Η (1973): FM-crystallin: a 
neglected component among lens proteins. Biochim. Biophys. Acta 
310, 278-282. 
Van Kamp GJ and Hoenders HJ (1973): The distribution of the soluble 
proteins in the calf lens. Exp. Eye Res. 17, 417-426. 
Van Kleef FSM and Hoenders HJ (1973): Population character and variety in 
subunit structure of high-molecular weight proteins from the bovine 
eye lens. Eur. J. Biochem. 40, 549-554. 
Wannemacher CF and Spector A (1968): Protein synthesis in the core of 
calf lens. Exp. Eye Res. 7, 623-625. 
Zigler JS (1978): Age-related changes in the polypeptide composition of 
ß-crystallins from bovine lens. Exp. Eye Res. 26, 537-546. 
50 
Appendix to Section II. 1: The Concentration-Dependence of Calf and Human 
Soluble Lens Proteins 
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THE CONCENTRATION-DEPENDENCE OF CALF AND 
HUMAN SOLUBLE LENS PROTEINS 
The f5-crystallins comprise the most heterogeneous population of lens 
structural proteins Usually, they have been separated into two 
fractions, β„ (M 100 000-200 000) and β
τ
 (M 40 000-90 000), in the case 
η г L r 
of bovine lenses Both fractions are found to be heterogeneous in 
electrophoretic and immunological behavior (for a review, see Harding and 
Dilley, 1976) By the application of high-pressure gel permeation 
chromatography (HPGPC), an improved resolution was obtained in the 
fi-crystallin range in addition to the preferential oligomeric 
structures, other architectures also occur (Bindeis, de Man and Hoenders, 
1982) It has been suggested that the proportions of the 
differently-sized bovine ß-crystallins depend on protein concentration, 
ionic strength, temperature, pH and medium density (Li, 1978, 1979, 
Asselbergs, Koopmans, van Venrooy and Bloemendal, 1979, Bindeis, Koppers 
and Hoenders, 1981) Furthermore, in older lenses the weight percentage 
of fJ„-crystallin is increased, as shown m section II 1 and by others 
л 
(van Kamp and Hoenders, 1973, Zigler, 1978, Bindels et al , 1982) With 
respect to size, the most abundant nuclear 0„ aggregate has a pentamenc 
η 
structure while the cortical one is built out of six subunits (Bindeis et 
al , 1982). 
Contradictory results have been obtained on the age-related changes in 
proportion of the largest-sized human ß-crystallin (f5..) (section II 2; 
Jedziniak, Baram and Chylack, 1978; Bindels, Bessems, de Man and 
Hoenders, 1983). Since the discrepancies could be due to different 
protein concentrations and no information is available about 
concentration-dependent aggregation of human ß-crystallms, we have 
investigated the degree of aggregation as a function of lens protein 
concentration applying HPGPC of extracts from clear human lenses To 
enable a correlation with the well-studied aggregation in bovine lenses, 
analysis of extracts from bovine lenses were included in this study. 
The proteins of a decapsulated 3-month-old calf lens were extracted in 
HPGPC elution buffer, consisting of 0 1 M Na-sulfate, 0 02 M Na-fosfate 
and 1 mM EDTA (pH 6 9) After centrifugation at 10 OOOxg for 20 m m , the 
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supernatant was dialyzed against the elution buffer. A range of protein 
concentrations was prepared by dilution of the supernatant with elution 
buffer. The same procedure was performed with a pool of five clear human 
lenses (60- to 70-year-old). The protein concentration of the initial 
extracts was determined by the Lowry method (Lowry, Rosebrough, Farr and 
Randall, 1951). HPGPC on combined TSK G4000 SW and G3000 SW columns 
(60x0.75 cm, each; Toyo Soda) was carried out at a constant flow rate of 
0.8 ml/min (Altex/Beckman 100A pump). Detection of the eluate was 
performed with a differential refractive index apparatus (DRI; 
Melz:LCD-201). Molecular weights were estimated from a plot of log M 
versus retention time; calibration proteins in the range from 12 500 to 
670 000 dalton were used. 
DRI elution profiles of calf lens extracts of various concentrations 
(1-84 mg/ml) are shown in Fig.l. The assignment of α-, β- and and 
ï-crystalllin, was based on SDS gel electrophoresis. All fractions 
eluting between 40 and 56 min represent different stages of 0-crystallin 
aggregation. It is clear that the ß-crystallins show a strong 
concentration dependence on both position and proportion of the different 
aggregates. Table I compares the relative proportions of the major native 
crystallins from a calf lens at different protein concentrations. 
Generally, at higher protein concentration the proportion of the (5
и 
л 
species increases mainly at the cost of β -crystallin. The ¡f-crystallins 
also seem to decrease which may implythat they also become aggregated and 
then elute in the ß-crystallin range. However, SDS gel electrophoresis 
of the different β fractions, isolated by HPGPC of the 84 mg/ml extract, 
did not reveal a distinct band in the ï-crystallin region. 
At all protein concentrations, the major part of the bovine 
2 
ß-crystallins was present as dimers (β., M 46 000). At lowest 
L r
 3 
concentration (1 mg/ml) only slight amounts had trimeric (B T), tetrameric 4 5 L (β„) and pentameric (β«) structures with apparent molecular weights of 
Η η 
72 000, 91 000 and 115 000, respectively. At higher protein concentration 
(5-42 mg/ml) β
τ
 and β,, aggregates were increased. As the concentration is 
L η 
increased further (84 mg/ml), the major ß u peak is shifted to a shorter 
π 
retention time corresponding with an apparent molecular weight of 
145 000; this would imply that the β„ aggregates are composed of six 
6 " 
subunits (ßu). 
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Fig.1. High-pressure gel permeation gel chromatography of soluble 
proteins from a calf lens at various protein concentrations. 
Table I. Composition of the water-soluble proteins from calf lenses at 
different protein concentrations. 
concentration proportions (%) 
calf (mg/ml) 
1 
5 
10 
21 
42 
84 
40 
39 
38 
39 
39 
37 
3 
4 
4 
9 
12 
17 
35 
33 
35 
32 
31 
28 
22 
24 
23 
20 
18 
18 
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Just as those from the calf lens, the ß-crystallins from the human 
lens appeared to be subject to concentration-dependent aggregation 
(Fig 2) Compared with the young calf lens, the profiles of the extracts 
from human lenses were less discrete, indicating age-dependent size 
heterogeneity of the crystallins The proportion of the largest-sized 
ß-crystallin (β. , M 130 000) increases progressively at higher protein 
concentration, concomitantly with a decrease of β -crystallin, M 42 000 
(Table II) The intermediately-sized β species, M 78 000, remains 
almost constant The decrease of the ï-crystallin proportion was not 
significant, considering that the estimation of the weight percentages 
was rather inaccurate due to the less pronounced profiles It seems as if 
β.-crystallin is formed from β , either directly or via an intermediate 
formation of β -crystallin The possible involvement of ï-crystallin in 
the aggregation process could not be elucidated by electrophoretic 
studies of the strongly heterogeneous proteins because Ï chains overlap 
with some β subunits (see section IV 1) 
The size of β -crystallin (between that of calf β„ and β„) remained 1 π π 
virtually the same at different protein concentrations In addition to 
ß1-crystallin, small amounts of larger aggregates were observed in the 
human lens which showed no significant concentration-dependent changes 
In conclusion, ß-crystallins from human and calf lenses show a 
concentration-dependent aggregation behavior Because of the large 
heterogeneity of the old human lenses used, this study of the aggregation 
process was obscured by the less pronounced elution profiles compared 
with those of calf lenses It should be mentioned that the sample 
concentration during HPGPC was diluted about tenfold Furthermore, no 
significant differences in profile were observed by HPGPC of the same 
amounts of proteins at various concentrations Application of larger 
amounts of proteins than used in this study onto the column system, 
resulted in progressively decreased resolution because of overloading 
effects Thus, other techniques should be used to study the aggregation 
states occurring at still higher protein concentrations up to the 
physiological value (about 300 mg/tnl) 
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Fig.2. High-pressure gel permeation chromatography of soluble proteins 
from pooled clear human lenses at various protein concentrations 
Table II. Composition of the water-soluble proteins from human lenses at 
different protein concentrations 
human 
concentration 
(mg/ml) 
1 
3 
6 
12 
23 
46 
68 
proportions Co) 
ßo 
19 
21 
17 
19 
19 
20 
18 
9 
8 
11 
12 
12 
18 
25 
18 
20 
22 
22 
21 
20 
18 
21 
21 
17 
15 
15 
13 
10 
33 
30 
33 
32 
33 
29 
29 
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George J.H. Bessems, Herman J. Hoenders and Josef Wollensak 
59 

VARIATION IN PROPORTION AND MOLECULAR WEIGHT OF 
NATIVE CRYSTALLINS FROM SINGLE HUMAN LENSES 
WITH AGE AND CATARACTOGENESIS 
INTRODUCTION 
Opacities of the lens (cataracts) are a ubiquitous disease in aging 
humans, which deprives them of visual acuity Many factors cause cataract 
formation, such as genetic and metabolic disorders, intraocular diseases, 
some chemicals and radiation So far, the formation of most senile 
cataracts can only be attributed to phenomena superimposed on normal 
aging processes During aging the crystallins change considerably by 
posttranslational processes, such as superaggregation, insolubilization, 
deamidation, C-terminal degradation, racemization, formation of disulfide 
and non-disulfide crosslinks (for a review, see Hoenders and Bloemendal, 
1981) With formation of nuclear cataract these changes become more 
pronounced and, in addition, some other phenomena can be found, such as 
glycosylation, carbamylation and coloration of the lens proteins (for a 
review, see Harding, 1981) 
Much work has been done on the constituent polypeptides of the 
water-soluble (WS) proteins from the human lens (Kramps, Hoenders and 
Wollensak, 1976, 1978, Garner and Spector, 1979), but less information is 
available as to the distribution and molecular weights of the native 
proteins as a function of age and cataract formation 
Fractionation by gel permeation chromatography (GPC) is commonly 
employed in attemps to obtain protein distributions and molecular weights 
(Francois, Rabaey and Stockmans, 1965, Jedziniak, Baram and Chylack, 
1978) Although GPC is a powerful technique for the separation and 
characterization of polymers according to molecular size, many drawbacks 
are encountered with the molecular weight determination using the 
relative elution volumes obtained in calibration analyses such as 
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non-linear plots, variations in flow rate and differences in molecular 
shape (Bly, Stoklosa, Kirkland and Yau, 1975, Himmel and Squire, 1981) 
More reliable molecular weights can be obtained using a low-angle laser 
light scattering (LALLS) photometer equipped with a flow-through 
accessory (Ouano and Kaye, 1974, Takagi, 1981) The application of 
classical light scattering to molecular weight determinations of 
biological macromolecules suffered from many drawbacks, such as the 
amount of material necessary, the requirement of absolutely dust-free 
samples and the troublesome extrapolation of Zimm plots Utilizing the 
high intensity of a small laser light beam, these limitations have been 
overcome 
Until recently, fractionation of the native crystallins was mostly 
done by gel chromatography using pooled lenses Possible biological 
variations between lenses of the same age group or cataract group, 
however, cannot be detected after pooling With the introduction of 
high-pressure gel permeation chromatography (HPGPC) it is now possible to 
fractionate crystallins of individual lenses and lens parts (Bindels, 
Bessems, de Man and Hoenders, 1983) Using this method, the distribution 
of crystallins in cortex and nucleus of single human lenses as a function 
of age and formation of nuclear cataract has been established 
Additionally, molecular weights were determined applying LALLS 
MATERIALS AND METHODS 
Lenses 
Human cataractous lenses were, immediately after surgery in the Berlin 
Eye Clinic, stored at -70 С Only pure nuclear-cataractous lenses, 
classified according to increasing color (Pine classification), were 
used Normal human lenses were obtained from the Rotterdam Eye Clinic, 
extraction of the lens was done within 10 hours after death of 
individuals 
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Preparation of water-soluble crystallins 
The lenses were thawed, decapsulated and dissected into a nuclear and 
a cortical portion. The inner 30% of the lens was chosen as the nucleus, 
which corresponds with the hard and colored part of the 
nuclear-cataractous lens. The remaining part of the lens was considered 
as the cortex. 
The lens parts were weighed and homogenized gently (Potter-Elvehejem) 
in 1 ml elution buffer, composed of 0.1 M Na sulfate, 0.02 M Na fosfate 
and 1 mM EDTA at pH 6.9, and centrifuged at 10 OOOxg for 20 min at 40C. 
(Beekman, Microfuge В). A part of the supernatant was centrifuged at 100 
OOOxg for 90 min (Beekman, Airfuge) to spin down the HM-crystallin 
fraction. Both supernatant fractions were injected into a chromatographic 
column system. The water-insoluble (WI) pellets were washed with buffer 
and water, lyophilized and weighed. 
High-pressure gel permeation chromatography (HPGPC) 
Fractionation by HPGPC at room temperature was achieved with TSK Gel 
columns (60x0.75 cm, each)(Toyo Soda), guarded with a GPWP or GSWP 
pre-coluran (10x0.75 cm). The 10 OOOxg supernatant was analyzed on a G5000 
PW type column, whereas fractionation of the 100 OOOxg supernatant was 
carried out on a combination of a G4000 SW and a G3000 SW type column 
(interconnected in sequence of descending pore size). 
The elution buffer was filtered (Millipore, 0.45 ym) and degassed 
under vacuum before use. With both column systems, elution was performed 
at a constant flow rate of 0.80 ml/tnin by an Altex/Beckman model 100A 
pump. Sample application was done with a 200 μΐ loop injector (Valco). 
Detection was performed with a LALLS photometer (Chromatix: KMX-6) and 
a differential refractive index (DRI) detector (Melz: LCD-201), both 
coupled to a data system (Hewlett Packard: HP-3353). Calibration of the 
LALLS photometer was done with thyroglobulin, bovine serum albumin and 
a-chymotrypsinogen A (Sigma) molecular weights and refractive index 
increments are 669 000 and 0.165 ml/g, 68 000 and 0.165 ml/g, and 25 900 
and 0.170 ml/g, respectively. For the crystallins a value of 0.170 ml/g 
for the refractive index increment was used (Bindels JG, pers. comm.). 
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RESULTS AND DISCUSSION 
The amounts of the cortical and nuclear WS- and WI-fractions of normal 
lenses of different ages are depicted in Fig.la. It can be seen that the 
level of the nuclear soluble protein steadily decreases up to 60 years of 
age, followed by a more rapid decrease, which is accompanied by a rise of 
the level of the insoluble fraction to 16% of the lens wet weight at 90 
years of age. For the cortical part, these changes are similar, but less 
pronounced. 
For whole lenses Zigman, Groff, Yulo and Griess (1976) have found a 
plateau between 30 and 60 years of age for the soluble part followed by a 
decline over age 60, which is accompanied by a rapid rise of the level of 
the insoluble protein. Coghlan and Augusteyn (1977) found a linear 
decrease of the WS-fraction and a linear increase of the insoluble 
fraction for whole lenses of ages between 0 and 90 years. Values up to 
40% for the proportion of WI-protein from whole old lenses are reported 
by Lerman and Borkman (1978). Proportions of WI-protein increasing with 
age (18 to 80 years) from 19 to 44% of the cortical protein and from 20 
to 55% of the nuclear protein are reported by Anderson, Wright and 
Spector (1979). Taking into account an average value of 35% protein per 
lens (Fisher and Pettet, (1973; Maraini and Mangili, 1973; Klethi, 1976), 
we have found an increase in WI-protein with age from 7 to 25% of the 
cortical protein and from 8 to 51% of the nuclear protein. The somewhat 
higher values found by Anderson et al. (1979) can partly be attributed to 
the fact that in their study the insoluble pellet contains the 
HM-crystallin fraction. 
Figure lb shows the amounts of cortical and nuclear WS- and 
WI-fractions of nuclear-cataractous lenses of the same age (70 years) 
with increasing coloration. It can be seen that the quantities of the 
cortical soluble fraction decrease, while those of the WI-fraction 
increase. However, dramatic changes are found in the nuclear fractions 
when cataract proceeds; a sharp decrease of the amount of the WS-proteins 
with a concomitant increase of the WI-proteins. Kramps et al. (1976) did 
not find significant quantitative changes in the cortex but in the 
nucleus they found an increase in the WI-fraction to about 31% of the 
lens wet weight. 
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Fig.l. Proportions of WS- and Wl-fractions of the cortex and nucleus from 
single human lenses upon aging (a) and formation of nuclear cataract (b) 
The amounts of WS-fractions are calculated from the total area under the 
DRI profile· one DRI unit corresponds to 0.60 mg protein The amounts of 
the WI-fractions are obtained by weighing of the washed 10 OOOxg pellet 
and expressed as amount of dry weight per mg wet lens. The newborn lens 
has not been divided into cortex and nucleus. 
Normal (no), sclerotic (s), brown (b), dark-brown (db), nigra ( m ) . 
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Fig.2. DRI elution patterns obtained by HPGPC fractionation on a TSK 
G5000 PW type column of the WS-fraction (10 OOOxg supernatant) from 
single normal lenses of different ages (in years). 
Fig.3. DRI elution patterns obtained by HPGPC fractionation on a TSK 
G5000 PW type column of the WS-fraction (10 OOOxg supernatant) from 
single human lenses with progressing nuclear cataract. For abbreviations, 
see Fig.1. 
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To determine the proportions and molecular weights of the native 
crystallins in the WS-fraction, it was our intention to do a single run 
with an appropriate combination of TSK columns However, because of the 
strong tailing of the LALLS signal for the HM-crystallin fraction, it was 
necessary to remove this fraction prior to molecular weight determination 
of the other crystallins Thus, two runs had to be done one to 
determine HM-crystallin on a G5000 PW type column, and a second one on a 
combination of a G4000 and a G3000 SW type column 
Figure 2 shows the protein profiles of extracts from the cortex and 
nucleus of normal human lenses of different ages on a G5000 PW type 
column, the exclusion limit for this column is about 20 million dalton 
for proteins (Bindels and Hoenders, 1983) The elution patterns show that 
a good separation is obtained between HM- and a-crystallin Due to the 
pore characteristics of the G5000 PW type support, the resolution of the 
other crystallins is limited With age the profiles of both lens parts 
show an increasing HM- and a decreasing o-crystallin peak in the nucleus 
of 45 years and older no discrete a-crystallin peak is present at all 
These results are in agreement with findings of Roy and Spector (1976) 
who examined old human lenses (60-70 years) by GPC on Biogel A-l.Sm 
Ringens, Hoenders and Bloemendal (1982b) could neither in the cortex nor 
in the nucleus of a 40- and a 76-year-old lens find a discrete 
a-crystallin peak In order to study individual variability, four 
70-year-old lenses were analyzed Only minor differences were observed, 
in the nucleus a-crystallin could only be detected as a slight shoulder, 
but in the cortex it always was present as a discrete fraction 
The G5000 PW elution patterns of cortical and nuclear extracts of 
nuclear-cataractous lenses, all 70 years of age, are shown in Fig 3 In 
the region of HM- and a-crystallin no differences in profile can be seen 
in the cortex with progressive cataract, in the nucleus a gradual 
increase of the HM-crystallin peak is obvious In contrast to the normal 
lens nucleus a discrete o-crystallin peak is observed in all lenses 
except the nigra 
Figure 4 shows the elution patterns of the 100 OOOxg supernatant 
fractions of cortical and nuclear WS-proteins from single normal human 
lenses by HPGPC on a combination of G4000 and G3000 SW type columns 
Five more or less discrete size fractions are observed α-, ß,", ßo"i ß4" 
and ï-crystallin Differences can be seen in the elution patterns of 
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Fig.4. DRI elution patterns of the WS-fraction (100 OOOxg supernatant) 
from single normal human lenses of different ages (in years) by HPGPC on 
combined TSK G4000 and G3000 SW type columns. 
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cortex and nucleus of the same lens, especially with respect to 
o-crystallin. It is striking that the newborn lens shows sharp peaks, 
indicating a more homogeneous nature of the components. Thus, large 
changes in WS-protein patterns will be seen in lenses younger than 29 
years as demonstrated already by Ringens, Hoenders and Bloemendal (1982a, 
b). 
Figure 5 shows the elution profiles of 70-year-old nuclear-cataractous 
lenses after centrifugation at 100 OOOxg. Compared with the normal lens a 
remarkable change can be seen in the the ï-crystallin fraction this is 
in agreement with findings of other authors (Francois, Rabaey and 
Stockman, 1965; Kramps et al., 1976; Ringens, Liem-The, Hoenders and 
Wollensak, 1978). As already shown by the fractionation with the TSK 
G5000 PW column (Fig.3.), the presence of a reasonable o-crystallin peak 
in the nucleus is again obvious, in contrast to normal lenses of the same 
age (Figs. 2 and 4). 
Molecular weights and retention times of the WS-crystallins as a 
function of age and nuclear cataract formation are depicted in Tables I 
and II. The value for HM-crystallin is not mentioned because slight 
variations in the preparation procedure cause great differences in its 
molecular weight distribution; moreover, it represents the molecular 
weight of a totally excluded fraction. With age no significant changes in 
molecular weight of the β- and ï-crystallins, neither for cortex nor for 
nucleus, are observed; an exception is β -crystallin which is smaller for 
the newborn and 29-year-old lens than for the other ones. The molecular 
weights of β- and ï-crystallins are larger than those obtained by 
Jedziniak et al. (1978) for whole lenses using calibrated Sephacryl 
S-200 GPC. The molecular weight of o-crystallin increases with age from 
700 000 for the newborn lens to almost one million for older lenses. 
Comparing fetal and adult crystallins, Ringens et al. (1982b) determined 
sedimentation coefficients and could not find any difference except for 
o-crystallin which seems to become larger upon aging. For bovine 
o-crystallin Siezen and Berger (1978), using sedimentation equilibrium 
and small-angle X-ray scattering analysis, found an increase in molecular 
weight from 850 000 to 1.1 million going from cortex to nucleus. 
Compared with normal lenses of the same age (70 years), crystallins 
from nuclear-cataractous lenses also do not show significant variations 
in molecular weight, neither for the cortex nor for the nucleus (Table 
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Fig.5. DRI elution patterns of the WS-fraction (100 OOOxg supernatant) 
from Single human lenses with progressing nuclear cataract by HPGPC on 
combined TSK G4000 and G3000 SW type columns. For abbreviations, see 
Fig.l. 
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Table I. Molecular weight (xlO ) and retention time (min) of crystallins 
from normal human lenses of different ages» 
ο π 
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es (зз б; 
95 (33 г 
90 (33 3 
90 (зз з: 
BS (33 t 
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22 (tO 0) 
12 (40 1) 
- (40 0) 
- (39 9) 
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* The molecular weights were determined at the DRI peaks and lie between 
weight- and number-average (Berger and Schultz, 1965). Due to the low 
detector response of certain fractions, it was impossible to determine 
their molecular weights; n.d.=not determined. 
+ Lenses of the same donor. 
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Table 11. Molecular weight (xlO ) and retention time (min) of 
crystallins from nuclear-cataractous human lenses (70 years of age)* 
аотвйі 
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-
770 
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810 
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* See Table I. 
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II); only α-crystallin from the dark-brown nucleus and the cortex of the 
nigra lens show increased molecular weights. 
The proportions of the crystallins, calculated from the peak areas of 
the DRI elution profiles as a function of age and nuclear cataract, are 
shown in Fig.6. Though the value of proportions obtained from 
incompletely resolved elution patterns is questionable, trends can be 
observed. Using the DRI detector, real proportions are obtained in 
contrast to 280 nm detection, which depends on the content of aromatic 
amino acids and aspecific scattering, especially when applied to 
HM-crystallin (Harding and Dilley, 1976; Lerman and Borkman, 1978). With 
age the HM-crystallin proportion in cortex and nucleus increases slightly 
from 0/0 for the newborn to about 2% at 90 years of age. With progressive 
nuclear cataract this fraction increases to 4% in the nucleus of the 
nigra lens, but remains constant in the cortex. The amount of 
α-crystallin decreases gradually from 40% in the newborn to 12 and 3% in 
the cortex and nucleus, respectively, over age 40. It is remarkable that 
in the cortex of the cataractous lens a larger proportion of α-crystallin 
is present than in the normal one of the same age. The ß-crystallins 
remain at a constant level or increase in proportion as the normal lens 
matures from age 29 to 90 years; with cataract formation a striking 
increase is obvious in the proportion of β -crystallin. 
The concentration of У-crystallin shows the most remarkable 
variations; an increase from 18 to 38?ό occurs between 0 and 40 years in 
the cortex, and from 18 to 55% in the nucleus of the normal lens, 
followed by a gradual decrease to 29 and 47°i, respectively, at 90 years. 
With cataract formation the ï-crystallin concentration decreases, in the 
nucleus more drastically than in the cortex; in the nigra lens its 
proportion in the cortex and the nucleus is only slightly more than \0%. 
From Fig.6 it is clear that at ages over 45 years and with progressing 
nuclear cataract only ï-crystallin decreases in proportion, whereas all 
other crystallins remain constant or increase; these changes in the 
WS-fTactions are accompanied by an increase in the WI-fraction (Fig.l). 
From these data it seems reasonable to suggest that ï-crystallin is 
preferentially involved in the insolubilization process (Francois et al., 
1965; Sheridan and Zigman, 1971). The fact that ï-crystallin has a high 
sulfhydryl content, facilitating aggregation due to formation of 
disulfide crosslinks, supports this suggestion. Moreover, Sandberg and 
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Closs (1979) could not detect any increase in ï-crystallin content in the 
aqueous humor with nuclear cataract, so loss of T-crystallin by leaking 
out of the lens seems improbable 
To look for possible changes in molecular weight and proportion of the 
lens proteins from nigra lenses of different ages, five lenses (44-, 59-, 
70-, 73- and 84-year-old) have been analyzed No differences in 
proportion of the WS-fraction and constituent native crystallins could be 
detected, neither in the cortex nor in the nucleus, the molecular weights 
of the crystallins also did not vary appreciably (data not shown) 
In conclusion, we can state that upon aging and nuclear cataract 
formation the most clear changes in proportion of lens proteins are 
observed in the a- and ï-crystallins and in the WI-fraction The 
molecular weights of the native crystallins do not change significantly, 
except that of o- and β -crystallin which increase with age It is 
evident that interesting changes in the pattern of the WS-proteins occur 
already at a young age 
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SIZE-FRACTIONATION OF CRYSTALLINS IN SMALL 
LAYERS OF NORMAL AND NUCLEAR-CATARACTOUS 
HUMAN LENSES 
INTRODUCTION 
Owing to its unique growth pattern, the molecular history of the eye 
lens is preserved in the old tissue The aging process is reflected by 
pronounced changes on the level of its structural proteins, the 
crystallins, which comprise the major part of the lens dry weight These 
changes, leading to protein unfolding, insolubilization and opacification 
have been discussed in some review articles (Harding and Dilley, 1976, 
Hoenders and Bloemendal, 1981, Harding and Crabbe, 1984) At present, 
there is no conclusive evidence that, with cataract formation, distinct 
alterations in protein conformation occur, however some types of 
cataracts seem to be correlated with metabolic disorders (Harding and 
Crabbe, 1984) The etiology of senile nuclear cataract, characterized by 
increased coloration of the lens nucleus, is unknown 
The distribution of native human crystallins as a function of age and 
nuclear-cataract formation is investigated using pooled lenses (Kramps, 
Hoenders and Wollensak, 1976, Jedziniak, Baram and Chylack, 1978, Gardner 
and Spector, 1979) and single lenses divided into cortex and nucleus 
(Bessems, Hoenders and Wollensak, 1983) However, study of various layers 
from a single lens, according to its growth pattern, will give a better 
insight into developmental and aging processes 
With the introduction of high-pressure gel permeation chromatography 
(HPGPC) we now have the opportunity to analyse such small lens parts It 
has been demonstrated that HPGPC is a powerful technique for the 
separation of human lens proteins within a short time (Horwitz, Neuhaus 
and Dockstader, 1981, Bessems et al , 1983, Bindeis, Bessems, De Man and 
Hoenders, 1983) Although parts of the nucleus were analyzed by Horwitz, 
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Ding and Cheung (1983), investigation of thin layers of a complete human 
lens according to its growth pattern was, to our knowledge, never done. 
In the present study, these layers were investigated by application of 
HPGPC. Remarkable changes in proportion and size of the crystallins 
within single normal and cataractous lenses were thus found. 
MATERIALS AND METHODS 
Lenses 
Human nuclear-cataractous lenses were obtained from the Eye Clinic of 
the Free University, Berlin, and classified on the basis of color 
(yellow, brown, dark-brown and nigra). Normal human lenses were obtained 
from the Eye Clinic of the Erasmus University, Rotterdam; intracapsular 
cryo-extraction was done within ten hours after death. All lenses were 
stored at -20 С or lower temperature directly after extraction. 
Microdissection of lenses 
All frozen lenses were scraped off with the needle of a syringe at 
-8 С in a with ice-salt mixture cooled device, especially designed for 
this purpose (Fig.l). After partial thawing, the lens is frozen in a 
hole, where it remains fixed till several layers of one side are scraped 
off. After that the lens is turned and fixed in the hole again; several 
layers of the other side can now be removed. This action is repeated till 
the hard embryonic nucleus is reached. Up to forty layers may thus be 
obtained. Figure 2 schematically shows the distinct parts of the human 
lens. In order to obtain particular layers, this way of scraping off a 
lens according to its growth pattern seems to be more suitable than 
microdissection methods described elsewhere (Horwitz et al., 1981; 1983; 
Mostafapour and Schwartz, 1982). It is facilitated by changes in color 
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Fig.l. Device for microdissection. Side view of the cooling box (left). 
Scraping off layers from a lens (right). 
Fig.2. Cross-section through the lens. The different parts according to 
developmental stages are expressed in this figure. 
ac=anterior cortex, pc=posterior cortex, eq=equator, on=outer nucleus, 
fn=fetal nucleus, en=embryonic nucleus. 
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and consistency of the successive layers, especially in the case of 
nuclear-cataractous lenses. At the temperature used, almost no loss of 
lens material through adhesion to needle and cooling device was observed. 
After gaining experience, fairly accurate and reproducable 
microdissection can be performed. All layers were weighed (3.0-6.0 mg wet 
weight) and by calculation we were able to establish the approximate 
location of each layer within the lens. 
High-pressure gel permeation chromatography (HPGPC) 
The lens fractions were homogenized in 175 μΐ elution buffer (0.1 M Na 
sulfate, 0.02 M Na fosfate and 1 mM EDTA at pH 6.9) and centrifuged 15 
minutes at 100 OOOxg at 4 С (Beekman, Airfuge). The supernatant, which 
contained 1 to 5 mg of proteins, was injected into a chromatographic 
column system. 
Fractionation by HPGPC at room temperature was achieved with TSK gel 
columns (Toyo Soda). Combinations of G5000 PW (60x0.75 cm), G4000 SW and 
G3000 SW (30x0.75 cm, each), guarded with a GPWP pre-column (10x0.75 cm), 
were used. The elution buffer was filtered (Millipore, 0.2 ym) and 
degassed with Helium. Elution was done at a constant flow rate of 0.8 
ml/min by an Altex/Beckman model 100A pump. Sample application was done 
with a 100 yl loop-injector. Detection was performed with a low-angle 
laser light scattering photometer (LALLS; Chromatix: KMX-6) and a 
differential refractive index detector (DRI; Melz: LCD-201), both coupled 
to a data system (Hewlett Packard: HP-3353). Because of a low 
signal/noise ratio of the LALLS, molecular weight calculation of P,-. ß,-
and ï-crystallin was done by plotting log M versus elution time. 
Calibration of the column system was done with several marker proteins 
(12.5-670 kDa). 
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RESULTS 
In this study microdissected lenses, 21 to 80 years old, were examined 
by HPGPC As an example, elution patterns of some layers from a 
72-year-old clear lens are shown in Fig 3 It was striking that protein 
profiles from corresponding layers of clear lenses in the age range from 
46 to 80 years are similar; only a-crystallin showed interindividual 
variations Furthermore no differences in profiles were observed 
comparing age-matched male and female lenses The assignment of most 
peaks was based on molecular weights and electrophoretic studies (Bessems 
et al., 1983, Bindeis et al , 1983) The changes in pattern going from 
the anterior, posterior or equatorial side to the center of the 
individual lenses are of the same type The molecular weights of a number 
of crystallin fractions are given in Table 1. Generally the elution 
patterns become less pronounced towards the center of the lens The 
o-crystallm fraction decreases in proportion concomitant with a slight 
increase in molecular weight, determined by LALLS Furthermore, it 
becomes more heterogeneous in size, as indicated by an increase in the 
dispersion coefficient, M /M , from 1 02 to 1 05, The ¡5-crystallins 
w η 
showed interesting changes in aggregation behavior, especially in the 
apparent & -range (25-55 kDa). In the outer cortex a discrete fraction 
Η 
((S-, 48 kDa) is present, which is no longer seen as a discrete peak more 
inward the lens. In all layers a β,-component (β ) with an apparent 
molecular weight of 26 kDa is seen. The most abundant ß-aggregate is 
ß.-crystallin (76 kDa), whereas β -crystallin (130 kDa) is only present 
in minor amounts. The ï-crystallin fraction (19 kDa) does not change 
significantly in proportion and size in the direction of the center of 
the lens. 
Elution patterns of some layers from the youngest lens examined (21 
years old) are shown in Fig.4 Compared with the 72-year-old lens the 
young one contains much more a-crystallin in the nuclear layers. 
M 
Remarkable is the presence of another ß-aggregate (β,, 37 kDa) in the 
H L 
nucleus instead of β-- and β,-crystallin. Furthermore, the size of 
ï-crystallin in the outermost cortex is smaller than elsewhere in this 
youngest lens. 
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Fig.3. Elution patterns of a 72-year-old normal lens. Fractionation on 
combined TSK G5000 PW , G4000 SW and G3000 SW columns. The patterns of 
certain layers at the anterior side are shown. 
( )=outer cortex, ( -)=inner cortex, (· )=outer nucleus, ( )=fetal 
nucleus, (- - )=embryonic nucleus. 
DRI=differential refractive index. 
Table I. Apparent molecular weights (kDa) of the size-fractionated 
crystalline 
—1 
crystallin 
0 * 
»1* 
h 
ΐ 
•ϊ 
•5 
τ 
nonna! 
21 years 
760-610** 
130 
76 
52 
37 
26 
16-19 
72 years 
680-770** 
130 
76 
48 
-
28 
19 
nigra 
64 years 
740-800« 
130 
77 
51 
-
33 
20 
* = molecular weight determined by LALLS. 
** = the molecular weight increases towards the center of the lens. 
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Rettntion time (mm) 
Fig.4. Elution patterns of samples of a 21-year-old normal lens. For 
further explanation see Fig.3. The profile of the embryonic nucleus is 
the same as that of the fetal nucleus. 
Fig.5. Elution patterns of samples of a nigra cataractous lens (aged 64). 
For further explanation see Fig.3. 
87 
In the case of nuclear cataractous lenses, it is rather easy to make a 
clear distinction between cortex, outer nucleus and embryonic nucleus on 
the basis of color and hardness Figure 5 shows typical DRI elution 
patterns of some layers from a nigra lens Compared with an age-matched 
clear lens, several differences can be observed Firstly, the 
ï-crystallin content is lower Secondly, the f5-aggregates are not present 
as discrete fractions Thirdly, the proportion of a-crystallin in the 
outer layers of yellow and brown cataractous lenses is larger than in 
normal ones 
In Fig 6 the distribution of o-crystallin in some normal and 
nuclear-cataractous lenses is compared A strong intermdividual 
variation is apparent for normal lenses The cataractous ones show a 
gradual decrease in proportion toward the center of each lens, 
furthermore, its proportion in the outer cortex decreases with increasing 
coloration of the nucleus 
A shoulder in the trailing edge of the a-crystallm peak, 
corresponding with a molecular weight twice that of a-crystallin, is seen 
(Fig 7) This species is also observed in some old normal lenses Column 
coupling artefacts (Bmdels and Hoenders, 1983) could be excluded by 
reproducing the same results using only a TSK G5000 PW column 
DISCUSSION 
Until recently, alterations in the composition of the native 
crystallins as a function of age and cataractogenesis were determined 
using pooled lenses Because of possible biological variations, it is 
better to study single than pooled lenses According to the unique growth 
pattern, a lens contains proteins which differ in age from newly 
synthezised to the individual's age Thus, a more reliable approach to 
study age- and cataract-dependent variations is to look at different 
parts within a single lens Horwitz et al (1983) dissected nuclei from 
human lenses into 20 to 27 slices parallel or perpendicular to the ocular 
axis, it appeared that similar HPGPC protein profiles were observed for 
the water-soluble fractions throughout the nucleus Our method, scraping 
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Fig.6. a-Crystallin proportion with respect to the total soluble proteins 
in normal (left) and nuclcar-cataractous lenses, 64- to 80-year-old 
(right), from outer anterior cortex to embryonic nucleus. The age 
approximation of the successive lens layers was based on the wet weight 
of the samples and taking into account the shape of the lens and its 
growth curve; calculation of the age dependent wet weight increment along 
to the ocular axis results m an almost linear correlation as also showed 
experimentally (Hockwin, Weigelin, Laser and Dragomirescu, 1983). 
DRI=differential refractive index. LALLS=low-angle laser light 
scattering. 
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Fig.7. Elution pattern of an inner cortex fraction of a 64-year-old nigra 
cataractous lens. Fractionation on combined TSK G5000 PW and G4000 SW 
columns. 
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off layers from a whole lens according to its growth pattern and analysis 
of the water-soluble fractions by HPGPC on a combination of TSK columns, 
yielded detailed results with regard to changes in crystallin composition 
with age and formation of nuclear cataract. By application of this 
procedure, we were able to observe differences in protein profiles not 
only within cortical but also within nuclear regions of the human lens. 
Almost identical profiles were obtained for corresponding layers from 
normal male and female lenses of the same age; only the a-crystallin 
proportion showed interindividual variations (Fig.6). In the 21-year-old 
lens its proportion decreased from the periphery to the outer nucleus; 
within the whole nucleus the proportion remained constant at a moderate 
level. However, in the older lenses, which showed a strong variation of 
a-crystallin content in the cortical layers, it always decreased to less 
than 5% of the soluble proteins in the direction of the embryonic 
nucleus. In accordance with earlier investigations (Kramps et al., 1976; 
Bessems et al.,1983), a small but certainly not negligible amount of this 
fraction was thus apparent in the nucleus as a whole. On the other hand, 
Roy and Spector (1976) and Horwitz et al (1983) did not find a-crystallin 
in this lens part, but the discrepancy may depend on what is considered 
as the nucleus. In the cortex of less advanced stages of 
nuclear-cataractous lenses a larger a-crystallin proportion compared with 
that of age-matched normal ones is obvious, in accordance with earlier 
results (Bessems et al., 1983). However, lower values of a-crystallin 
proportions are found in that report. The reason is that a longer 
centrifugation time was applied (15 versus 90 min) by which part of 
a-crystallin was pelleted. Towards the center of normal and 
nuclear-cataractous lenses, the molecular weight and heterogeneity of 
a-crystallin increases; its molecular weight can even be doubled. These 
findings are supporting evidence for the model proposed for the 
quaternary structure of a-crystallin (Bindeis, Siezen and Hoenders, 
1979). 
The HPGPC column system enabled us to achieve an improved resolution 
in the β- and ï-crystallin range. Compared with previous fractionations 
three ß-crystallin aggregates occurred in the lower molecular weight 
range (25-55 kDa). The explanation must be the less complex protein 
composition of the small lens samples used here. The molecular weights of 
the β- and ï-crystallins were calculated from their elution times (except 
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β.-crystallin) It should be stressed, however, that values obtained by 
elution times are significantly lower than those determined by LALLS 
This phenomenon has been observed frequently in other experiments and may 
be due to a non-ideal behavior of the proteins upon HPGPC The 
£L -crystallin fraction is only present in minor amounts, but this is 
caused by the low protein concentration of the HPGPC samples Human 
ß-crystallins are namely subject to reversible concentration-dependent 
aggregation (appendix, section II 1) as previously shown for bovine 
f5-crystallins (Li, 1979, Bindels, Koppers and Hoenders, 1981) 
In conclusion, our microdissection method combined with the HPGPC 
analysis leads to detailed information about the protein distribution m 
very small volume elements of one lens (approximately 3% of the wet 
weight) Study of lenses younger than 21-years of age in a manner as 
described in this work will add greatly to our understanding of 
age-dependent changes in the composition of native water-soluble 
proteins This may reveal more insight with regard to (switches in) the 
synthesis of crystallms and their posttranslational fate 
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Appendix to Section II.3: Charge Heterogeneity of Native Crystallins 
from Microdissected Human Lenses 
George J.H. Bessems and Herman J. Hoenders 
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CHARGE HETEROGENEITY OF NATIVE CRYSTALLINS 
FROM MICRODISSECTED HUMAN LENSES 
High-pressure gel permeation chromatography (HPGPC) appeared to be a 
rapid and valuable method for the size fractionation of lens crystallins 
(Bindeis, de Man and Hoenders, 1982; Bindeis, Bessems, de Man and 
Hoenders, 1983; Bessems, Hoenders and Wollensak, 1983). Moreover, the 
technique allowed the analysis of microsections of single human lenses as 
reported in section I1.3 and by others (Horwitz, Neuhaus and Dockstader, 
1981; Horwitz, Ding and Cheung, 1983). 
Another fractionation technique, high-pressure ion-exchange 
chromatography (HPIEC), which separates on charge basis, may even have a 
greater potential (Régnier, 1982). In a one-step procedure, β - and the 
multiple ï-crystallins in microsections of a calf lens have recently been 
fractionated by the application of cation-exchange HPLC (Siezen, Kaplan 
and Anello, 1985). The soluble fraction of bovine lens parts were 
analyzed by anion-exchange HPLC and interesting age-related changes in 
the charge distribution observed (section II.1). 
In this study, HPIEC on a DEAE column is applied to the fractionation 
of crystallins from posterior layers of the same human lenses as 
described in section II. 3. After microdissection of the lens, the 
anterior layers were used for HPGPC analysis; the posterior layers were 
homogenized in 70 yl 0.02M Na fosfate buffer (pH 6.9) and centrifuged at 
100 OOOxg for 15 min. Fifty yl of the supernatant was injected onto a 
TSKgel DEAE-5PW column. Elution was at 0.8 ml/min, using the mobile phase 
buffers 0.02M Na-fosfate (A) and 0.02M Na-fosfate, 0.5M Na-chloride (B), 
both adjusted to pH 6.9. The elution conditions were: 0% buffer В for 10 
min, 0-15% В in 40 min, 15-50% В in 20 min, 50-100?o В in 5 min, 100% В 
for 5 min. Before starting each run, a re-equilibration for at least 20 
min in buffer A was performed. The absorption of the effluent was 
monitored at 280 run (A280). Elution ranges were determined with 
size-fractionated α-, ß,-, ß9"> 0o"> '••" а п ^ ï--crystallin. 
Figure la presents the crystallin elution patterns of some posterior 
layers of a 21-year-old clear lens. The fraction eluting between 4 and 11 
min contains the basic ï-crystallins. An incomplete separation of the 
different monomeric species is obtained, due to the pH of the eluent; at 
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Fig.1. HPIEC on a TSKgel DEAE-5PW column of the extracts of some 
posterior layers from human lenses: (A) 21-year-old clear lens, (B) 
72-year-old clear lens, (C) 64-year-old nigra cataractous lens. It 
should be noted that the total area of the profiles, corresponding to the 
total amount of soluble protein applied onto the column, decreases from 
the periphery to the center of the lens; toward the center of the lens, 
similar amounts of scraped material contain less soluble proteins, 
especially in the case of the nigra lens, due to increased protein 
insolubilization with age and cataractogenesis. 
oc=outer cortex; ic=inner cortex; on=outer nucleus; en=embryonic nucleus 
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a higher pH the resolution of this fraction would be improved. As we 
wanted to analyze the crystallin composition under conditions as native 
as possible, a physiological pH of 6.9 (Greiner, Kopp, Sanders and 
Glonek, 1981; Bassnett and Duncan, 1985) was maintained throughout the 
procedure. A decrease in the proportion of this monomeric fraction 
(determined by peak integration) from the periphery to the center of the 
lens is observed. Between 11 and 42 min the ß-crystallins are eluted, as 
determined by SDS gel electrophoresis. Towards the lens center, mainly 
quantitativechanges can be detected. The last part of the profile with 
elution times of 42 min and more was attributed to a-crystallin. In the 
outer cortex several discrete components are present in this range, which 
in the inner parts becomes increasingly acidic. In the nucleus only one 
a-crystallin peak is present, remaining about constant in proportion 
throughout this lens part, as was also shown in the HPGPC analysis of the 
same lens (section II.3). An increase of negatively charged groups in 
proteins represents an aging process occurring in the lens (Harding and 
Dilley, 1976; Hoenders and Bloemendal, 1981). The apparent increase of 
the a-crystallin content in the direction of the nucleus is contrasted 
with its decrease observed by HPGPC. Partly, the reason may be the 
difference in detector used: A280 vs. DRI (differential refractive 
index). The A280 response depends on the extinction coefficient of a 
compound; it appeared that that of a-crystallin increases with age 
(Lerman and Borkman, 1978) and, thus, also from the periphery (the 
youngest part) to the embryonic nucleus (the oldest part) of the lens. On 
the other hand, there is an age-related switch in synthesis from the 
basic ¡f-crystallins to the larger sized and more acidic monomeric 
crystallins. On isoelectric focusing in 7M urea, the latter ones focus in 
the same range as the a-crystallin subunits (section IV.1). So, it seems 
plausible that on HPIEC the acidic monomeric crystallins elute in the 
same range as native a-crystallin does. 
The crystallin patterns of a 72-year-old clear lens (Fig.lb) generally 
show similar changes as the younger one. However, in all layers the 
fraction in the presumptive a-crystallin range is more heterogeneous. 
Furthermore, it is present in large amounts in the embryonic nucleus. As 
the HPGPC profile shows almost no a-crystallin in that lens part, this 
fraction must largely be composed of acidic monomeric crystallins. The 
components at about 56 min may represent the very acidic polypeptide 
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chains, possibly derived from o-crystallm (van Haard, Martens, Mestrom, 
Hoenders and Wollensak, 1979) Another interesting observation is the 
gradual disappearance of a discrete ß-crystallin entity (15 min) in the 
direction of the lens center. 
Compared with clear lenses of similar age, the nigra lens shows mainly 
quantitative differences in profile of corresponding layers (Fig 1c), 
even more acidic proteins are present in the embryonic nucleus 
From this study of a limited number of lenses, only provisional and 
rough conclusions can be drawn about processes of aging and 
cataractogenesis. However, the significance of this work is that there 
are strong differences m composition of native human crystallins, 
especially in a quantitative sense Moreover, the composition m all lens 
layers, even the youngest ones, is very complex The age-related increase 
in acidity and complexity has also been shown on the level of crystallin 
subumts and appeared to occur already at prenatal life (Ringens, 
Hoenders and Bloemendal, 1982a, 1982b, Thomson and Augusteyn, 1985). As 
the fast HPGPC and HPIEC techniques are now available, it is possible to 
correlate the overwhelming number of differently-charged soluble proteins 
with the main- and subgroups of size-fractionated crystallins 
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CHAPTER III 
OXIDATION-INDUCED CHANGES OF HUMAN LENS PROTEINS 
Section III.1: Non-Tryptophan Fluorescence of Native Crystallins from 
Normal and Nuclear-Cataractous Human Lenses 
George J.H. Bessems, Eric Keizer, Josef Wollensak and Herman J. Hoenders 
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NON-TRYPTOPHAN FLUORESCENCE OF NATIVE 
CRYSTALLINS FROM NORMAL AND 
NUCLEAR-CATARACTOUS HUMAN LENSES 
INTRODUCTION 
Many modifications of the proteins observed with age and cataract 
formation could be due to oxidative processes (Augusteyn, 1981). Garner 
and Spector (1980a; 1980b) have shown that no oxidation of lens proteins 
is detectable in young human lenses, whereas in older ones membrane 
proteins are oxidized; in cataractous lenses extensive oxidation of 
membrane proteins as well as cytoplasma proteins was demonstrated. These 
changes are the consequence of the oxidation of protein thiol groups to 
the disulfide form and, eventually, further to cysteic acid. In addition, 
methionine residues are oxidized to the sulfoxide and the sulfone, as was 
also shown by others (Truscott and Augusteyn, 1977; Van Haard, Hoenders, 
Wollensak and Haverkamp, 1980). Besides sulfur oxidation, other oxidative 
processes can be observed in the human lens, such as coloration and 
formation of protein-associated fluorescence (extrinsic or non-tryptophan 
fluorescence, NT-fluorescence) from compounds other than the aromatic 
amino acids (Lerman, 1976; Zigman, 1981). These fluorescent compounds 
become abundant especially in the nucleus of the human lens (Jacobs and 
Krohn, 1981). Some of these fluorophores, which may be involved in 
protein crosslinking, have been identified as kynurenine (van Heyningen, 
1973), fl-carboline (Dillon, Spector and Nakanishi, 1976), anthranilic 
acid (Truscott, Faull and Augusteyn, 1977) and bityrosine 
(Garcia-Castineiras, Dillon and Spector, 1978), whereas others are 
present but unidentified. 
The mechanisms involved in the oxidative protein changes are obscure 
at present. Several suggestions have been put forward to explain the 
occurrence of the pigments and fluorophores, including direct photolysis 
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(Pirie, 1971 ; Zigman, Griess, Schultz and Yulo, 1973; Lerman and 
Borkman, 1978; Dillon and Spector, 1980; Fujimori, 1982) and 
photosensitized oxidation (Van Heyningen, 1973; Zigman et al, 1973; 
Zigler and Goosey, 1981). Nonenzymatic glycosylation of long-lived 
proteins may also lead to coloration, NT-fluorescencc and crosslinking 
(Monnier and Cerami, 1981, 1983; Pongor, Ulrich, Bencsath and Cerami, 
1984) ; this is substantiated by in vitro experiments with bovine lens 
crystallins (Chiou, Chylack, Tung and Bunn,1981) 
The major NT-fluorescence of human lenses is found in the insoluble 
protein fraction (Zigman, 1981). However, exposing whole human lens 
homogenates to near-UV irradiation in the presence of tryptophan 
photoproducts, the induced fluorescence accumulates mainly in the soluble 
proteins (Zigman, Groff and Yulo, 1977). Thus, the soluble proteins are 
more susceptible to photosensitized modification than the insoluble ones. 
This paper presents some observations on changes in NT-fluorescence of 
the native soluble proteins from individual human lenses, divided into 
cortex and nucleus, as a function of age and formation of nuclear 
cataract. The particular role of T-crystallin, to which a low-molecular 
weight fluorophore is loosely bound, will be discussed. 
MATERIALS AND METHODS 
Lenses 
Human cataractous lenses were stored at -70 С immediately after 
surgery in the Berlin Eye Clinic. Only pure nuclear cataractous lenses, 
classified in vivo into four groups on the basis of color, were used. 
Normal human lenses were obtained from the Rotterdam Eye Clinic; 
extraction of the lens was done within lOh after death of individuals. 
The lenses were thawed, decapsulated and dissected into a nuclear and a 
cortical portion; the inner 30% (by weight) was chosen as the nucleus. 
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High-pressure gel permeation chromatography (HPGPC) 
The lens parts were weighed and homogenized gently (Potter-Elvehjem) 
in two volumes of elution buffer (0 1 M Na sulfate, 0 02 M Na fosfate and 
1 mM EDTA, pH 6 9) and centrifuged at 10 OOOxg for 10 min at 40C 
(Beekman, Microfuge В) The supernatant fractions were injected into a 
chromatographic column system, built up of a TSK G4000 SW and G3000 SW 
type column (60x0 75 cm each)(Toyo Soda) The filtered (Millipore, 0 2 
μιη) elution buffer, continuously deaerated with helium gas, was forced 
through the columns at a constant flow rate of 0 80 ml/min by an 
Altex/Beckman pump, model 100 A Sample application was done with a 100 
yl loop injector (Valco) The eluate was continuously monitored by both 
UV at 280 nm (Hitachi/Altex, model 100-30) and fluorescence with 
excitation at 360 nm and emission at 420 nm (Perkin-Elmer 204-A) The 
same instrumental settings were used throughout this study Data 
reduction was performed with a Hewlett-Packard 3353 data system, peak 
areas were established by drawing perpendiculars in the minima between 
peaks 
For the semi-preparative isolation of individual crystallin fractions, 
pooled cataractous lenses were decapsulated and homogenized in the 
sodium fosfate buffer After centrifugation at 10 OOOxg for 10 min at 
4 C, the supernatant was fractionated with the HPGPC column system To 
purify the crystallins, pooled peak fractions were concentrated (Amicon) 
and applied onto a TSK G3000 SW column (60x0 75 cm) guarded with a GSWP 
pre-column (10x0 75 cm) (Toyo Soda) The other conditions were the same 
as described above HPGPC of ï-crystallin revealed two fluorescent peaks 
which appear after the elution of ï-crystallin The peak fractions were 
separately pooled, desalted by Bio-Gel P2 gel chromatography and 
lyophilized 
Reversed-phase high-pressure liquid chromatography (RP-HPLC) 
The lens parts were weighed and homogenized in one volume 0 02 M 
potassium fosfate (pH 5 6) and centrifuged at 100 OOOxg for 30 m m 
(Beekman Airfuge) Part of the supernatant was applied onto a LiChrosorb 
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column (25x0.46 cm)(Merck), using a 50 yl loop injector (Valco). A 
constant flow rate of 2.0 ml/min and a linear gradient was obtained with 
a SP8700 solvent delivery system, equipped with a SP8750 organizer 
(Spectra-Physics). Five minutes after injection of the sample a linear 
gradient was started with 60°» methanol/water (0.8%/min). Detection was 
performed by both absorbance at 280 nm (LC3, Pye Unicam) and fluorescence 
at the aforementioned wavelengths (Perkin-Elmer 204-A). 
Statistics 
A Spearman rank correlation coefficient was calculated to determine a 
linear relationship between the values within each group of lenses and 
lens age. The Kruskal-Wallis test was applied, neglecting lens age, in 
order to test whether the data from lenses, varying in cataractous state, 
were different. 
RESULTS 
HPGPC on a combination of TSK G4000 SW and G3000 SW columns turned out 
to give a good resolution of human crystallins (Bessems, Hoenders and 
Wollensak, 1983). In this study we have used that column system and 
detection of the effluent by both absorbance at 280 nm (A280) and 
fluorescence (excitation 360 nm, emission 420 nm) to observe changes in 
NT-fluorescence of native crystallins from cortex and nucleus of clear 
and nuclear-cataractous human lenses. Figure 1 Shows the elution patterns 
of the soluble fraction of a whole newborn lens. The individual 
crystallins exhibit almost no fluorescence. 
Compared with the newborn lens, the profiles of the soluble part from 
cortex and nucleus of a 29-year-old lens (Fig.2) demonstrates several 
interesting changes. Firstly, a relatively large fluorescent signal is 
obvious for all crystallins with the exception of ï„-crystallin. 
Secondly, a HM-crystallin fraction is present in the void volume of the 
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Fig.l. HPGPC of the water-soluble fraction from a newborn lens 
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Fig.2. HPGPC of the cortical and nuclear water-soluble fraction of a 
29-year-old normal lens 
A280 ( ), Fluorescence 360/420 ( ) 
Fig.3. HPGPC of the cortical and nuclear water-soluble fraction of a 
70-year-old clear lens 
A280 ( ), Fluorescence 360/420 ( ) 
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column system (23 min). Thirdly, a shift in the peak position of the two 
detector signals for a- and У -crystallin, especially in the nucleus, is 
observed: the peak position of the fluorescence signal is shifted towards 
a shorter retention time with respect to that of the A280 signal. The 
shift is absent if the intrinsic tryptophan fluorescence (285/330 nm) is 
recorded. This means, that the NT-fluorescence is shifted towards the 
higher molecular weight part of the heterogeneous fractions. 
High-pressure ion-exchange chromatography on a TSKgel DEAE-5PW column of 
Ï -crystallin revealed 5 major fractions. That fraction with the largest 
molecular weight (24 kD by SDS Polyacrylamide gel electrophoresis; not 
shown) exhibited the major part of the fluorescence and no shift in peak 
position of the two detector signals. Fourthly, the relative proportions 
of Ï.- and ¡f -crystallin are reversed compared with those of the newborn 
lens; this may be attributed to a switch in the synthesis of the 
monomeric crystallins, as demonstrated in aging bovine lenses (section 
II.1). 
The profiles of the soluble fraction from a 70-year-old lens are shown 
in Fig.3. The nuclear profile is more diffuse than the cortical one, 
especially in the ß-crystallin range. In the nucleus, a-crystallin has 
disappeared almost completely as also demonstrated previously by several 
investigators (Roy and Spector, 1976; Bessems, Hoenders and Wollensak, 
1983; Horwitz, Ding and Cheng, 1983). Again, the shift in both signals of 
the peaks from a- and У -crystallin is clearly seen. 
Figure 4 shows the elution patterns of the crystallins from a 
70-year-old nigra cataractous lens. Because of the low amount of soluble 
proteins in the nucleus, the A280 response is low (the same instrumental 
settings were used for this parameter and the fluorescence measurements 
throughout this study). The fluorescence intensity is relatively large 
for nuclear У -crystallin. Moreover, a low molecular weight species with 
a strong fluorescence, but no A280 signal, elutes at 59 min. 
Several lenses, normal as well as nuclear-cataractous, have been 
analyzed in this way. Quantitative changes in the fluorescence 
intensities, relative to the A280 response(F420/A280) of the crystallins 
as a function of age and formation of nuclear cataract are depicted in 
Fig.5. The fluorescence of all crystallins is larger in the nucleus than 
in the cortex; the highest ratios are found for HM-crystallin. In 
addition, all crystallins exhibit a gradual increase in fluorescence upon 
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Fig.4. HPGPC of the cortical and nuclear water-soluble fraction of a 
70-year-old nigra cataractous lens 
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Fig.5. Variation in the relative fluorescence intensity (F420/A280) in 
arbitrary units of the water-soluble proteins from single human lenses 
upon aging and formation of nuclear cataract 
Normal (no), yellow (ye), brown (br), dark-brown (db), nigra (ni) 
cortex (o- -ο) , nucleus (·- -·) 
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Fig 6. HPGPC on a TSK G3000 SW column of У -crystallin isolated after 
fractionation by HPGPC on a combination of TSK G4000 and G3000 SW columns 
of pooled cataractous human lenses. 
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Fig.7. RP-HPLC on a LiChrosorb RP 16 column of the fluorophores F and F 
obtained by HPGPC of Ï -crystallin and Bio-Gel P2 gel chromatography. 
112 
aging with exception of Ï -crystallin which has no NT-fluorescence at 
all The relative fluorescence of the cortical crystallins with 
formation of nuclear cataract (71±4 years of age) does not change 
significantly, but in the nucleus an increase is apparent, especially for 
λ'1 -crystallin 
Rechromatography of crystallin fractions, isolated by HPGPC of 
extracts from pooled cataractous lenses on a TSK G3000 SW column, 
revealed an interesting phenomenon Two fluorescent compounds (F. and F,) 
are separated from Ϊ -crystallin (Fig 6) The other crystallins did not 
exhibit a release of fluorophores Gel chromatography of F1 and F on a 
calibrated Bio-Gel P2 column (not shown) revealed a molecular weight of 
approximately 500 and 400 Da, respectively These molecular weights, 
however, may be underestimated because of the retardation of aromatic 
structures, which are possibly part of the fluorophores On RP-HPLC, 
using a methanol/water gradient, F and F„ elute at 15 and 25 m m , 
respectively (Fig 7) 
Π 
Re le η ten ι m · ( m η ) 
Fig.8. RP-HPLC on a LiChrosorb RP 18 column of the nuclear water-soluble 
fraction from a 70-year-old normal lens 
A280 ( ), Fluorescence 360/420 ( ) 
113 
From Fig.4 it is clear that a fluorescent compound with a molecular 
weight lower than that of T-crystallin is present in a nigra cataractous 
lens. Applying the aforementioned method of RP-HPLC, we have analyzed a 
number of normal and cataractous lenses in order to find out whether 
fluorophores are present in the soluble part. A typical example of an 
elution pattern obtained from a 70-year-old clear lens nucleus is shown 
in Fig.8. Although sometimes more fluorescent peaks are seen, the peak at 
25 min (F2) is always present in lenses older than about 50 years of age, 
but absent in younger ones. With formation of nuclear cataract the 
fluorescence intensity increases significantly, especially in the nucleus 
(P>0.01), as depicted in Table I. The excitation and emission maxima of 
F 2 are 355 and 420 nm, respectively. Based on retention time, ΐ is not 
identical with the known lens fluorophores anthranilic acid, kynurenine, 
N-formyl-kynurenine and 3-hydroxy-kynurenine including its glycoside. 
Table I. Fluorescence in arbitrary units of the 24.5 min compound in 
single normal and nuclear-cataractous human lenses 
clear 
yellow 
brown 
dark-brown 
nigra 
cortex 
1.1± 1.4 
4.1± 1.5 
3.7± 1.9 
11.3±15.1 
26.7±10.7 
nucleus 
1.7± 1.9 
7.8+ 4.9 
8.6+ 1.4 
21.3± 8.7 
103.4±52.7 
age (yrs) 
29-90 
62-82 
65-83 
61-79 
65-78 
N 
16 
4 
4 
4 
5 
N=number of lenses 
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DISCUSSION 
Fluorescent chromophores may be involved in the insolubilization 
process of lens proteins. This could be inferred from the simultaneous 
increase of fluorescence and the amount of insoluble proteins in human 
lenses upon aging and, more pronounced, with formation of nuclear 
cataract (Zigman, 1981). It is not clear whether the fluorophores are 
directly involved in the insolubilization process by means of acting as a 
crosslink between crystallin subunits, or indirectly by alterating the 
conformation of the proteins leading to aggregation. 
All crystallin species show an age-related increase in fluorescence; 
this is observed within the lens (cortex vs. nucleus), as well as on 
comparison of lenses of different ages. HM-crystallin has the most 
intense fluorescence with respect to the A280; it should be considered 
that this phenomenon is still larger if a correction is made for the 
contribution of scattering to the A280 response. An interesting 
phenomenon is the shift in elution time of the fluorescence signals, 
observed for o- and Ï. -crystallin. In the case of a-crystallin, the 
explanation is that stronger fluorescence is associated with the higher 
molecular weight part of the a-crystallin population. Thus, the size of 
a-crystallin would increase due to fluorescent substances which become 
bound to the younger protein. This would nicely fit the model, proposed 
for the quaternary structure of bovine a-crystallin, where a partially 
filled outer layer of subunits in young a-crystallin becomes more 
occupied with aging (Bindeis, Siezen and Hoenders, 1979). The major part 
of the fluorescence in the У.-crystallins is due to a 24 kDa component. 
No fluorescence is associated with Jf.-crystallin. This fraction is the 
main ï-crystallin species in the newborn lens, but decreases in 
proportion in favor of Τ -crystallin with age (Bessems, Hoenders and 
Wollensak, 1983). 
With formation of nuclear cataract, striking changes are observed for 
T1 -crystallin: a decrease in proportion (Figs. 3 and 4) and an increase 
in fluorescence intensity (Fig. 5). Moreover, a fluorophore (F.), loosely 
bound to Ï -crystallin, increases significantly with cataract formation, 
especially in the colored nucleus (Table I). The generation of the 
fluorophores may be attributed to photo-chemically induced changes in 
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which protein-bound tryptophan appears to be the initial absorbing 
component (Lerman, 1983, Lerman and Borkman, 1978) Migration of 
electrons from nearby tyrosine residues, generating tyrosine radicals, 
would then bring about the return of the excited tryptophan to its ground 
state (Prutz, Butler, Lane and Swallow, 1980) Such a process might occur 
in ï-crystallin since several tyrosine residues are located close to 
tryptophan (Blundell, Lindley, Moss, Slingsby, Fickle, Turnell and 
Winston, 1981, Borkman and Phillips, 1985). Thus, there is accumulating 
evidence that ï-crystallin plays a significant role in the formation of 
nuclear opacities. 
The nature of the F fluorophore (355/420 nm) needs to be established 
RP-HPLC analysis indicates a greater hydrophobicity than tryptophan, this 
argues against an oxidation product of free tryptophan, because oxidation 
generally leads to a more hydrophilic nature. Based on the molecular 
weight (at least 400 Da), one should consider the possibility that F_ is 
an oxidation product of a tryptophan residue in a peptide Exposing human 
lens homogenates to near Ъ -light in the presence of tryptophan 
photoproducts, Zigman, Groff and Yulo (1977) have found a fluorophore 
with comparable molecular weight and fluorescence characteristics as F . 
That fluorophore, however, binds to a 10 kDa protein, moreover, the 
resulting protein-fluorophore complex exhibits a 260 nm absorption 
maximum, whereas our ï -crystallin-fluorophore complex absorbs at 280 nm 
In this study, evidence has been presented which indicates that at 
least one of the ï-crystallin species is uniquely involved in the 
formation of nuclear cataract The association of this protein with a 
fluorophore may induce conformational changes which makes it more 
susceptible to aggregation, crosslinking and, ultimately, 
insolubilization 
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ALPHA-TOCOPHEROL IN THE NORMAL AND 
NUCLEAR-CATARACTOUS HUMAN LENS 
INTRODUCTION 
Within the last decades evidence has been obtained that extensive 
oxidation occurs in the human lens. If the lens is exposed to unusually 
high concentrations of oxidants or if it is less resistant to oxidative 
stress, changes in biopolymers will occur, leading to cataract. 
Oxidation of membrane lipids will cause the breakdown of the lens fiber 
membrane (Garner, Roy, Rosenfeld, Garner and Spector, 1981). Oxidation of 
cytosol and membrane proteins causes aggregation (Bloemendal, 1982; 
Hoenders and Bloemendal, 1981), forming light scattering units (Benedek, 
1971). Coloration of the lens nucleus with formation of nuclear cataract 
is also thought to be due to oxidative stress (Augusteyn, 1981; Harding, 
1981). 
Possible sources of oxidation in the lens are H O (Spector and 
Garner, 1981), photochemical ionizations (Zigman, 1981), oxygen-derived 
free radicals (Goosey, Zigler and Kinoshita, 1980) and lipid peroxidation 
(Bhuyan, Bhuyan and Podos, 1981). The lens has several mechanisms 
protecting it from the damaging effects of oxidation. Some give a general 
protection against a number of oxidants, whereas others are directed 
against specific oxidants. Till now, the most important known protective 
systems in the human lens are the glutathione system, ascorbic acid and 
enzyme systems, such as superoxide dismutase and catalase (Augusteyn, 
1981). Damaging oxidative processes are expected to start in the nucleus 
of the lens, where metabolic activities are lowest; moreover, proteins 
changed by posttranslational modifications are found preferentially in 
the nucleus (Hoenders and Bloemendal, 1981) and could be more susceptible 
to oxidation. With nuclear cataract formation decreases have been 
observed in glutathione, ascorbic acid and superoxide dismutase, 
especially in the nucleus (Augusteyn, 1981). 
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Another compound, which possibly plays an important role against 
oxidative damage in the human lens, is α-tocopherol (vitamin E) It is 
located in the plasma membranes, where it acts as a free radical 
scavenger in the early stages of oxidative membrane damage (Tappel, 1972, 
Hicks and Gebicki, 1981) α-Tocopherol may also have a function in the 
structural stabilization of biomembranes (Diplock. and Lucy, 1973, 
Fukuzawa, Hayashi and Suzuki,1977, Massey, She and Pownall, 1982) In 
Vitro experiments with intact rat lenses in media with and without 
α-tocopherol have shown that this agent prevented the formation of 
cataracts induced by glucose (Creighton and Trevithick, 1979), elevated 
temperature (Steward-DeHaan, Creighton, Sanwal, Ross and Trevithick, 
1981) or ionizing radiation (Ross, Creighton, Inch and Trevithick, 1983) 
Moreover, Varma, Beachy and Richards (1982) could decrease the extend of 
photoperoxidation of lipids from rat lenses in culture using 
α-tocopherol So, it is reasonable to expect that α-tocopherol within 
the lens can diminish or prevent the formation of some kinds of 
cataracts 
Our study was designed to examine if α-tocopherol is present in the 
human lens in such an amount that it can play a significant role in 
preventing the formation of cataract In addition, we have looked for a 
possible correlation between the concentration of α-tocopherol and the 
formation of nuclear cataract 
MATERIALS AND METHODS 
Lenses 
Normal human lenses were obtained from the Eye Hospital in Rotterdam, 
cataractous lenses were obtained from the Eye Clinic of the Free 
University of Berlin and classified according to increasing nuclear 
color The lenses were stored at -70 С until used 
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Isolation of alpha-tocopherol 
The lenses were thawed, decapsulated and divided into cortex and 
nucleus (2-l) according to the method of van Haard, de Han, Hoenders and 
Wollensak (1980) Each cortex and nucleus was weighed and homogenized in 
0.02 M Na-fosiate buffer (pH 6.9) containing 0 1 M Na-sulfate and 1 mM 
EDTA. The water-soluble (WS) and water-insoluble (WI) fraction were 
separated by centrifugation (20 m m at 10 OOOxg). The WS-fraction was 
removed and the WI-fraction was washed three times with the same buffer. 
A modification of the extraction procedure described by Bro-Rasmussen 
and Hjarde (1957) was used to isolate α-tocopherol from the WI fraction. 
This method uses initial saponification of the sample followed by 
extraction of α-tocopherol Into hexane The WI-fraction was heated 15 min 
with 0.5 ml S"» ascorbic acid in absolute ethanol and 125 vl 60% KOH in 
water in a 70 С water bath. After cooling, 0.5 ml water and 1.0 ml hexane 
were added and then centnfuged at 3000xg for 5 min at room temperature. 
The hexane layer was removed and the sample was re-extracted with 1.0 ml 
hexane and centnfuged. The hexane layers were combined and evaporated to 
dryness under nitrogen. 
High-pressure liquid chromatography (HPLC) 
The extract was dissolved in SOvil hexane and injected immediately onto 
a LiChrosorb-NH column (10 ym Merck) The column was eluted with an 
hexane-isopropanol mixture (97:3) at a flow rate of 2.0 ml/min, using an 
Altex/Beckman model 110A HPLC pump. The effluent was monitored 
continuously on a spectrof luonmeter (Perkin-Elmer, 204-A) with 
excitation and emission wavelengths of 295 nm and 330 nm, respectively. 
These wavelenghts are the maxima of the emission and excitation spectra 
of authentic α-tocopherol in the hexane-isopropanol mixture. The amount 
of α-tocopherol was quantitated by measuring the area of the peak and 
comparison with standards. 
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Statistics 
A Spearman rank correlation coefficient was calculated to determine a 
linear relationship between the values of α-tocopherol within each group 
of lenses and lens age. The Kruskal-Wallis test was applied, neglecting 
lens age, in order to test whether the data from lenses, varying in 
cataractous state, were different. 
RESULTS 
A typical elution profile of a hexane extract from the WI-fraction of 
a human lens part is depicted in Fig.l. The sample was fractionated on a 
LiChrosorb-NH„ column using an isocratic hexane-isopropanol mixture and 
the eluant was monitored spectrofluorimetrically with excitation at 295 
nm and emission at 330 nm. The fraction eluting at about 7.5 min is 
α-tocopherol as based on retention time, absorption and fluorescence 
spectrum. The shoulder in the trailing edge of the α-tocopherol peak is 
presumably β- and/or ï-tocopherol. The fraction eluting in the void 
volume has not been analyzed further. Because of the long isoprenoid 
chain, α-tocopherol has a low solubility in water however, it cannot be 
ruled out that this compound, bound to proteins, might also be present in 
the WS-fraction. We have tested whether this holds true for the 
WS-fraction of the human lens. In order to detect minor amounts of 
α-tocopherol, ten lenses were pooled and handled as described in 
Materials and Methods. We could not find any trace of it in the 
WS-fraction. Thus, all α-tocopherol of the human lens is present in the 
WI-fraction. Moreover, we could not detect it in the urea-soluble 
fraction, but only in the urea-insoluble fraction. In the following 
experiments, however, the WI-fractions have been used for the 
α-tocopherol determinations. 
Table I shows the amounts of α-tocopherol in the WI-fraction from 
cortex and nucleus of single human lenses, classified according to 
increasing nuclear color. Within each group a large variability in 
concentration, as reflected by its standard deviation, is obvious. We 
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Fig.l. HPLC on a LiChrosorb-NH column of the hexane extract from the 
water-insoluble fraction of an old normal human lens. 
Table I. Contents of α-tocopherol (pmol/mg wet weight) in cortex and 
nucleus of single normal and nuclear-cataractous human lenses.* 
clear 
yellow 
brown 
dark-brown 
nigra 
cortex 
2.5 ± 1.2 
2.7 ± 1.1 
5.4 ± 2.9 
8.0 ± 5.9 
8.3 ± 3.5 
nucleus 
3.5 ± 1.3 
3.1 ± 1.7 
2.9 ± 1.8 
1.9 ± 1.3 
3.3 ± 1.5 
N§ 
8 
8 
7 
6 
7 
age (yrs) 
50-86 
63-81 
58-77 
61-78 
55-78 
*Data are expressed as mean value ± SD. 
§N = number of lenses 
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also see that α-tocopherol is present in the human lens in relatively low 
amounts Within the observed age group (50 to 86 years) no statistically 
significant correlation with age is found, neither within the normal 
lenses, nor within each cataract group Two normal lenses of 31 and 38 
years, not divided into cortex and nucleus, showed a significantly lower 
amount of α-tocopherol (18 and 1 5 pmol/mg wet weight, respectively) 
More lenses younger than 50 years of age have to be analyzed m order to 
assess whether there is an increase with age With formation of nuclear 
cataract no change is seen in the nucleus, the cortex, however, shows a 
statistically significant increase m α-tocopherol content (P=0.05). 
DISCUSSION 
The α-tocopherol species appears to function in antioxidant defense 
mainly through its ability to reduce free radicals, arising from 
oxidation of polyunsaturated fatty acids by a nonenzymatic reaction The 
formed α-tocopherol radical must then be reduced by interaction with 
another agent such as ascorbic acid (Forman and Fischer, 1981) 
The fact that α-tocopherol is lipophilic is consistent with its 
presence in the urea-insoluble fraction, which comprises the plasma 
membranes, and with its absence in the water- and urea-soluble fraction 
of the human lens As the membranes are only a very small part of the 
total lens wet weight, the concentration of α-tocopherol therein is 
relatively high Moreover, the membrane components, which are most 
sensitive to oxidative attack, are the polyunsaturated fatty acids and 
they comprise only 2% of the total fatty acid content of the normal and 
cataractous human lens (Rosenfeld and Spector, 1982) Assuming a 
molecular weight of 320 for the polyunsaturated fatty acids, we find a 
ratio of about 40 molecules of them to one molecule of α-tocopherol in 
the normal lens decreasing to a ratio of 15 in the cortex of the 
dark-brown and nigra lens These ratio's are much smaller than the ratio 
of about 1000 observed in other membranes (Tappel, 1980) Thus, 
quantitatively vitamin E may be important m protecting the human lens 
membrane against oxidative damage 
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With nuclear cataract formation we did not find a change in 
α-tocopherol content in the nucleus, that part of the lens which suffered 
from damaging stress leading to opacification and coloration. On the 
other hand, in the clear cortices the o-tocopherol content increases 
significantly. It appears that with oxidative stress the lens responds to 
this stimulus by attracting protective agents such as α-tocopherol from 
the environment into the lens. Because of the slow diffusion rate 
through the lens most of the mobilized vitamin will not reach the 
nucleus. The result is that the concentration of α-tocopherol in the 
nucleus does not change significantly, whereas in the cortex an increase 
is obvious. So, if the lens is exposed to some kind of oxidative stress, 
the cortex gains more protection than the nucleus. 
Recently, Dillon, Mehlman, Ponticorve and Spector (1983) have examined 
the amount of α-tocopherol of individual whole human lenses, normal as 
well as cataractous. They could not find a significant change with 
formation of cataract, but in contrast to our study they used only four 
lenses not divided into cortex and nucleus; moreover, these lenses showed 
both cortical and nuclear opacities. However, if we convert our results 
for the lens part to the whole lens, our data agree with their findings. 
In conclusion, α-tocopherol is specifically located in the 
membrane-containing urea-insoluble fraction of the human lens; thus, 
although the total amount of this agent is very low, the concentration in 
the membranes, especially with respect to the polyunsaturated fatty 
acids, is of such an order of magnitude that α-tocopherol indeed could 
act as a free radical scavenger in the early stages of oxidative membrane 
damage in the human lens. 
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DISTRIBUTION OF AROMATIC AND FLUORESCENT 
COMPOUNDS WITHIN SINGLE HUMAN LENSES 
INTRODUCTION 
The aging human lens is characterized by an increase of insoluble 
proteins, associated with yellow coloration and non-tryptophan (NT) 
fluorescence which, ultimately, leads to nuclear cataract (Augusteyn, 
1981) Photo-oxidation is suggested to be one of the processes involved 
in the development of nuclear cataract The aromatic amino acids, 
especially tryptophan, are susceptible to photo-oxidative attack. (Lerman, 
1980) However, hard evidence is missing to support the hypothesis that 
photolytic destruction of tryptophan, free as well as protein-bound, 
causes the process of browning (Dilley and Pine, 1974, Zigler, Sidbury, 
Yamanashi and Wolbarsht, 1976, Truscott and Augusteyn, 1977a) In 
addition to direct photolysis, sensitized photo-oxidation may be 
important in lens protein modification (Zigman, 1981) It is suggested 
that metabolic oxidation products of tryptophan, present in the human 
lens, can act as photosensitizers (van Heyningen, 1973, Zigler and 
Goosey, 1981) Traces of tryptophan oxidation products have been detected 
in the colored insoluble proteins of cataractous lenses, such as 
kynurenine (Dilley and Pine, 1974), ß-carbolines (Dillon, Spector and 
Nakamshi, 1976), anthramlic acid (Truscott, Faull and Augusteyn, 1977) 
and oxindolyl alanine (Dillon, 1983) 
Another hypothesis states that at photochemical attack tryptophan is 
involved by the generation of free radicals, these reactive species may 
damage biomolecules if there is lack of free radical scavengers (Weiter 
and Finch, 1975a,b, Borkman and Lerman, 1977) 
To examine whether free tryptophan and tyrosine are involved in the 
aging and cataractous process, we analyzed the distribution of these 
amino acids and their possible oxidation products in the water-soluble 
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fraction of human lenses. Besides these compounds, the technique applied 
enabled us to detect uric acid, an antioxidant possibly important in 
lengthening the human life-span (Ames, Cathcart, Schuiers and Hochstein, 
1981). 
MATERIALS AND METHODS 
Normal human lenses were obtained from the Eye Hospital in Rotterdam; 
nuclear-cataractous lenses were obtaned from the Eye Clinic of the Free 
University in Berlin and classified according to increasing color. 
Lenses were stored at -70 С until used. 
Lenses were thawed, decapsulated and divided into cortex (2/3 by 
weight) and nucleus. Other lenses were microdissected into many layers of 
about 3-6 mg wet weight, as described in section II.3. The cortices, 
nuclei and layers were weighed and homogenized in 300, 150 and 75 yl 
0.02M potassium fosfate (pH 5.6), respectively, and centrifuged at 
100 OOOxg for 60 min (Airfuge, Beekman). The supernatant was applied 
onto a LiChrosorb RP 18 column (25x0.9 cm, Merck) using a 50 μΐ injector 
(Valco). Gradient elution at a constant flow rate of 2.0 ml/min (pressure 
near 60 bar) was performed with a SP 8700 solvent delivery system, 
equipped with a SP 8750 organizer (Spectra-Physics). The gradient applied 
was an adaptation of the procedure described by Hartwick, Assenza and 
Brown (1979). After injection of the sample, the column was eluted 
isocratically for 5 min with the aforementioned fosfate buffer; then a 
linear gradient was started with 60% methanol/water (0.8%/min). Detection 
was performed by both absorption at 280 nm (Pye Unicam LC-3) and 
fluorescence with excitation at 360 nm and emission at 420 nm 
(Perkin-Elmer 204-A). Proportions were calculated by peak integration 
and comparison with standards. 
A Spearman rank correlation coefficient was calculated to determine a 
linear relationship between the values within each group of normal and 
cataractous lenses and lens age. The Kruskal-Wallis test was applied, 
neglecting lens age, in order to test whether the data from lenses, 
varying in cataractous state, were different. 
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RESULTS 
The reversed-phase HPLC technique appeared to be a suitable method for 
the separation of small hydrophobic compounds in the lens Figure 1 shows 
a typical elution profile of the water-soluble fraction from a 
70-year-old clear lens nucleus The peaks attributed to uric acid (4.4 
m m ) , tyrosine (6.0 m m ) and tryptophan (22 2 m m ) are indicated Other 
peaks have not been identified, but they turned out to have no 
significant correlation with age or with development of nuclear cataract, 
except for the two peaks at 16.6 and 24.5 m m indicated by an arrow. 
Phenylalanine could not be detected with this method because it does not 
absorb and fluoresce at the settled wavelengths 
10 15 20 25 30 35 
Retention time ( mm) 
F i g . 1 . Reversed-phase HPLC of the water-soluble f rac t ion of the nucleus 
from a 70-year-old c lear lens 
ura=uric ac id . 
136 
Table I. Levels (pmol/mg wet weight) of tryptophan in single normal and 
nuclear-cataractous human lenses. 
N=number of lenses 
clear 
yellow 
brown 
dark-brown 
nigra 
cortex 
61 + 13 
57+10 
69+14 
58+ 9 
66+19 
nucleus 
63+14 
61 + 18 
61+ 8 
52+ 9 
75 + 17 
age (yrs) 
29-90 
62-82 
65-83 
61-79 
65-78 
N 
16 
4 
4 
4 
5 
Table II. Levels (pmol/mg wet weight) of tyrosine in single normal and 
nuclear-cataractous human lenses. 
N=number of lenses 
clear 
yellow 
brown 
dark-brown 
nigra 
cortex 
410+ 77 
344+ 96 
396+ 92 
383+120 
423+131 
nucleus 
460+113 
348+118 
424+128 
437+101 
434+152 
age (yrs) 
29-90 
62-82 
65-83 
61-79 
65-78 
N 
16 
4 
4 
4 
5 
The results of tryptophan and tyrosine determinations in normal and 
nuclear-cataractous lenses are reported in Table I and II, respectively. 
In the age-ranges indicated no statistically significant changes are 
observed within each group as a function of age. And, with progression of 
nuclear cataract no significant differences are found, either. 
Furthermore, similar values are obtained for cortex and nucleus of a 
lens. 
Table III depicts the results of uric acid determinations in normal 
and nuclear-cataractous lenses. No correlations were found with age and 
cataract formation; the values are similar in cortex and nucleus of a 
lens. 
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Table III. Levels (nmol/mg wet weight) of uric acid in single normal and 
nuclear-cataractous human lenses. 
N=number of lenses 
clear 
yellow 
brown 
dark-brown 
nigra 
cortex 
1.1+0.4 
1.0+0.6 
1.1+0.8 
0.8+0.7 
0.7+0.8 
nucleus 
1.0+0.8 
1.2+0.9 
1.0+0.6 
1.2+0.5 
0.5+0.4 
age (yrs) 
29-90 
62-82 
65-83 
61-79 
65-78 
N 
16 
4 
4 
4 
5 
Interesting changes are observed for a compound with a retention time 
of 16.6 min (Fig.l). This fraction, which exhibits an absorption maxima 
at 206 and 287 nm (Fig.2) decreases dramatically from 29 to 52 years of 
age; at advanced age, its level remains about constant (Table IV). 
absorbance 
200 250 300 350 
wavelength ( nm ) 
Fig.2. UV-absorption spectrum of the 16.6 min compound. 
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Table IV. Absorbance in arbitrary units of the 16.6 min compound in 
single normal and nuclear-cataractous human lenses. 
N=number of lenses 
clear 
clear 
yellow 
brown 
dark-brown 
nigra 
cortex 
39.5+27.8 
4.3+ 1.7 
3.3+ 2.5 
7.0+ 4.7 
5.6+ 2.9 
6.0+ 5.2 
nucleus 
26.9+35.5 
2.4+ 1.5 
2.4+ 1.4 
3.0+ 1.5 
3.8+ 0.7 
2.4+ 0.6 
age (y: 
29-52 
55-90 
62-82 
65-83 
61-79 
65-78 
The possible presence of tryptophan oxidation products can be inferred 
from the non-tryptophan (NT) fluorescence (360/420 nm). Though other 
fluorescence peaks are sometimes seen, that with a retention time of 24.5 
min (Fig.l) is always present in old and in nuclear-cataractous lenses. 
From Table V it is clear that this compound increases strikingly with 
formation of nuclear cataract, especially in the nucleus. It exhibits an 
excitation and emission maximum of 345 and 425 nm, respectively, 
(Fig.ЗА); the absorption spectrum is shown in Figure 3B. The tryptophan 
oxidation products, anthranilic acid and kynurenine, with retention times 
Table V. Fluorescence in arbitrary units of the 24.5 min compound in 
single normal and nuclear-cataractous human lenses. 
N=number of lenses. 
ι 
clear 
yellow 
brown 
dark-brown 
nigra 
cortex 
1.1+ 1.4 
4.1+ 1.5 
3.7+ 1.9 
11.3+15.1 
26.7+10.7 
nucleus 
1.7+ 1.9 
7.8+ 4.9 
8.6+ 1.4 
21.3+ 8.7 
103.4+52.7 
age (yrs) 
29-90 
62-82 
65-83 
61-79 
65-78 
N 
16 
4 
4 
4 
5 
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fluorescence 
A 
300 350 400 450 
wavelength ( n m ) 
absorbance 
В 
200 250 300 350 400 
wavelength (nm) 
Fig.3. Excitation and emission fluorescence spectra of the 24.5 min 
compound (A). UV-absorption spectrum of the fluorophore (B). 
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relative absorbance- -urtc acid 
166 mm compound (nmol/mg w w i 
relative 
fluorescence 
100 
Fig.4. The distribution of uric acid and the 16.6 min compound along the 
visual axis of a 42-year-old clear lens (A). The distribution of the 24.5 
min fluorophore along the visual axis of a 68-year-old nigra lens (B). 
AC=anterior cortex; PC=posterior cortex. 
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of 13.2 and 16.0 min, respectively, could not be detected as such in all 
lenses examined. This could be due to the fact that no optimal 
instrumental settings were applied to detect these compounds. 
For estimation of the distribution of the aforementioned compounds 
within the lens, several lenses were microdissected according to the 
method described in section II. 3. Within a 42-year-old clear lens, the 
concentrations of tryptophan and tyrosine are about constant, whereas in 
the outermost cortex the uric acid content is slightly increased 
(Fig.4A). The 16.6 min compound shows a U-shaped distribution; at the 
periphery of the lens its content is nearly twice as large as in the 
center (Fig.4A). The 24.5 min fluorophore is absent in this lens. Within 
a 68-year-old nigra lens, its distribution exhibits a bell-shape, whereas 
the other compounds examined do not vary (Fig.4B). 
DISCUSSION 
As a lens ages, there is an increase in the generation of fluorescent 
chromophores that absorb and fluoresce at longer wavelengths than 
tryptophan does; the increase is even more pronounced with the 
development of nuclear cataract (Lerman, 1980). Since tryptophan is the 
amino acid most susceptible to photo-oxidative processes, leading to 
fluorescent chromophores which are mainly localized in the insoluble 
nuclear proteins, this amino acid is the center of interest in the 
investigation of UV-induced cataract formation (Zigman, 1981). Until now, 
hard evidence is missing that free or bound tryptophan is involved in a 
destructive way in the cataractous process (Harding and Crabbe, 1984). 
Lenticular tryptophan may also be involved indirectly, since various 
kynurenine derivatives, products of tryptophan oxidations, can function 
as photosensitizers as reported by several investigators (Goosey, Zigler 
and Kinoshita, 1980; Fujimori, 1982; Zigler, Jernigan, Perlmutter and 
Kinoshita, 1982). The detection of various tryptophan oxidation products 
in the human lens (van Heyningen, 1973; Dilley and Pirie, 1974; Dillon et 
al.,1976; Truscott, Faull and Augusteyn, 1977; Dillon, 1983) would 
confirm that the modifications found in aged and cataractous lens 
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proteins are due, at least in part, to photochemical processes involving 
tryptophan. 
By application of a direct analysis method, we have found no 
significant decreases in levels of free tryptophan and tyrosine in the 
lens, neither with age nor with formation of nuclear cataract. Zigler et 
al. (1976) reported a decrease of these compounds, but this finding was 
accompanied by other results indicating a loss of all free amino acids 
from the lens. Within the lens, their distribution is also constant. 
Thus, the destructive involvement of tryptophan and tyrosine in the 
photolytical process is unlikely. However, a fluorophore more 
hydrophobic than tryptophan was observed in old clear lenses. It 
accumulated strikingly with the development of nuclear cataract, 
especially in the nucleus. In section III.l we have shown that the 
fluorophore (F ) has an apparent molecular weight of at least 400 and 
that it is not only present as such, but also bound to a ï-crystallin 
fraction. Because of its hydrophobicity, the fluorophore is presumably 
not an oxidation product of free tryptophan but, based on the molecular 
weight, one should consider the possibility that it is an oxidation 
product of a tryptophan residue as part of a larger molecule. 
Lenticular fluorophores are mainly confined to the nucleus. One reason 
could be that this lens part has much lower levels of antioxidants 
capable of aborting photo-oxidative reactions. In normal lenses, the 
cortex has twice as much of the major antioxidant glutathione than the 
nucleus; in cataracts, the levels drop significantly (Truscott and 
Augusteyn, 1977b). The antioxidant α-tocopherol is also present in higher 
amounts in the cortex than in the nucleus of nuclear-cataractous lenses 
as described in section III.l (Bessems, de Man, Hoenders and Wollensak, 
1984-85). In this study we have found that uric acid, another 
antioxidant, did not have any significant correlation with age or 
cataract formation. Higher uric acid contents are present in the 
outermost cortex giving additional support to the antioxidative power of 
that lens part. 
An interesting observation was the age-related decrease of an 
unidentified compound (16.6 min). Based on retention time, its 
hydrophobicity is slightly larger than that of kynurenine. Furthermore, 
it is characterized by absorption maxima at 206 and 287 nm, indicating 
that an aromatic structure is part of the molecule. Within younger 
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lenses, higher amounts are found in the cortex, whereas in older ones no 
variation in distribution is observed. The nature of this compound and 
the reason for its age-related loss needs to be elucidated. 
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CHAPTER IV 
AGGREGATION OF HUMAN LENS PROTEINS 
Section IV.1: Characterization of Old Normal and Cataractous Human Lens 
Proteins. HM-Crystallin as an Intermediate in the 
Insolubilization Process 
George J.H. Bessems, Ellen M. Bloksma and Herman J. Hoenders 
147 

CHARACTERIZATION OF OLD NORMAL AND 
CATARACTOUS HUMAN LENS PROTEINS 
HM-CRYSTALLIN AS AN INTERMEDIATE IN THE INSOLUBILIZATION 
PROCESS 
INTRODUCTION 
Unfolding of lens proteins has been proposed as the primary event of 
aggregation processes leading to high-molecular-weight (HM) material 
which, ultimately, becomes water-insoluble (for reviews, see Harding and 
Dilley, 1976, Harding and Crabbe, 1984). A number of factors seems to be 
involved in the conformational changes, such as non-enzymatic 
glycosylation, racemization, crosslinking, degradation, deamidation, 
carbamylation, calcium ions and photo-oxidation (for reviews, see Harding 
and Dilley, 1976; Hoenders and Bloemendal, 1981; Zigler and Goosey, 1981; 
Harding and Crabbe 1984). 
The increase in light scattering by the in VIVO human lens with age 
has been attributed to the aggregation of crystallins to HM-particles 
(Bettelheim and Slew, 1982). These particles have been isolated by four 
general procedures from the human lens; the products of each procedure 
have different properties (Harding and Dilley, 1976). This paper is 
concerned with HM-crystallin isolated by size fractionation of the 
water-soluble part from the human lens; this was the second type 
discussed by Harding and Dilley (1976). 
Human HM-crystallin seems to form a broad population of particle 
fi 9 
weights in a range from 10 to 10 dalton (Jedzmiak, Kinoshita, Yates, 
Hocker and Benedek, 1973, Spector, Li and Sigelman, 1974, Dilley, 1975; 
Tanaka and Benedek, 1975). By application of an elaborate gel 
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fractionation procedure, the molecular weights of HM-crystallin are found 
predominantly in the range 5-1.5x10 in the cortex and >150xl0 in the 
nucleus, for both the normal and cataractous human lens (Fu, Su, Wagner 
and Hart, 1984). 
Not only in size, but also in composition, the HM aggregate is 
heterogeneous. Using electrophoretic and immunochemical analyses, all 
crystallins appear to be involved in the aggregate. Furthermore, several 
crystallin breakdown products and a 43 000 dalton fraction are present 
(Roy and Spector, 1976; Spector and Roy, 1978; Ringens, Liem-The, 
Hoenders and Wollensak, 1978). In this study, we present evidence that 
human HM-crystallin is a loosely-bound aggregate composed of α-, β- and 
ï-crystallin, whereas non-crystallin species are also present. In 
addition to the highest M -subpopulation attention is also paid to 
intermediate stages of aggregation. 
MATERIALS AND METHODS 
Senile cataractous human lenses were obtained from operations at the 
Eye Clinic of the Free University in Berlin (FRG). Normal, completely 
transparent lenses (50-80 years of age) were obtained from the Eye 
Hospital in Rotterdam. The lenses were transported and stored in capped 
vials at -70 C. Cataractous lenses with both opaque-hardened nuclei and 
opacities in the cortex were used. 
Lenses were thawed, decapsulated and homogenized by gentle stirring in 
0.02 M Na fosfate, 0.1 M Na sulfate and 1 mM EDTA (pH 6.9). The 
homogenate was centrifuged at 10 OOOxg for 20 min. After several 
washings, the pellet was extracted thoroughly with 7 M urea in the same 
buffer and centrifuged at 10 OOOxg for 20 min. The urea-soluble (US) and 
part of the water-soluble (WS) fraction were dialyzed exhaustively 
against distilled water and lyophilized. The whole procedure was carried 
out at 4 C. Fractionation of the non-lyophilized WS-part was performed 
using a Sephacryl S-1000sf column (100x2.6 cm) in the aforementioned 
fosfate buffer at a flow rate of 0.3 ml/min. The absorption of the 
effluent was monitored at 280 nm (Uvicord II) and fractions of 3.0 ml 
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were collected. Pooled fractions (HM to HM, and LM) were dialyzed 
against distilled water and lyophilized. 
Fractionation by high-pressure gel permeation chromatography (HPGPC) 
was achieved with a combination of a TSK G5000 PW and a G3000 SW column 
(60x0.75 cm, each), guarded with a GPWP precolumn (10x0.75) (Toyo Soda). 
Elution with the fosfate buffer (Millipore-filtered) mentioned before was 
performed at a flow rate of 0.80 ml/rain (Altex/Beckman, model 100A pump). 
Sample application was done with a 200 μΐ loop injector (Valco) and the 
effluent measured at 280 nm absorption (Hitachi model 100-30). 
High-pressure ion-exchange chromatography (HPIEC) was done on a TSKgel 
DEAE-5PW column (10x0.75 cm; Toyo Soda), using a SP 8700 solvent delivery 
system and a SP 8750 organizer (Spectra Physics). Samples were dissolved 
in a 5 mM Tris-HCl buffer pH 8.5 (10 rag/ml); 50 vl was applied onto the 
column (Valco loop injector). After an isocratic period of 5 min with 5 
mM Tris-HCl (buffer A, pH 8.5), a gradient was started with 0.5 M NaCl in 
the same buffer (buffer B): 0-20^ В in 25 min, 20-50% in 15 min, 50-100% 
В in 10 min; each run was followed by 5 min rinsing in 100% buffer В and 
re-equilibration for at least 20 min in starting buffer A. The 
absorption of the effluent was monitored at 280 nm (Unicam LC 3). 
Elution was done at a constant flow rate of 0.60 ml/min (pressures near 
10 bar). 
Two-dimensional gel electrophoresis was done according to 0 Farrell 
(1975); isoelectric focusing (first dimension) was performed in the 
presence of 8 M urea, 2% Pharmalytes 4-9 and 2% Nonidet P-U0. Actually, 
0.5-1.0 rag samples of redissolved lyophilized material were applied to 
the gels. 
RESULTS 
HM-crystallin subpopulations (HM. to HM.) were isolated from 
cataractous and age-matched clear lenses by collecting the indicated 
fractions obtained on Sephacryl S-1000 gel chromatography of the 
WS-extract (Fig.l). Fractions 65-95 contain α-, β- and ï-crystallin which 
are only partly separated from each other on this column. The 
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Fig.1. A280 elution profile of the soluble part of cataractous human 
lenses. Fractionation was performed on a Sephacryl S-1000sf column. 
Fractions of 3.0 ml were collected as indicated. 
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Fig.2. High-pressure gel permeation chromatography on combined TSK G5000 
PW and G3000 SW' columns (A280 detection). Upper trace: elution profile of 
the total water-soluble extract from cataractous human lenses; middle 
trace: elution profile of lyophilized HM^crystallin obtained by 
Sephacryl S-1000 chromatography; lower trace: rechromatography of the 
void volume peak fraction after Amicon concentration. 
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subpopulations exhibit similar absorption spectra in the near-UV region 
(not shown) with a faint absorption maximum at around 275 nm, 
blue-shifted compared with the other crystallins These have the typical 
protein spectra with distinct peaks in the range of 278 to 283 nm The 
blue-shift indicates a decrease of the ratio of tryptophan to tyrosine 
Also a slight increase in absorption in the range from 320 to 360 nm was 
found for the HM-crystallin subpopulations which may partly be attributed 
to absorption of photo-oxidative products of tryptophan Fluorescence 
spectra of the HM-crystallin subpopulations are all very similar in shape 
and in wavelength of the maxima of tryptophan fluorescence (290/335 nm) 
and non-tryptophan fluorescence (360/435 nm) (spectra not shoun) This 
implies that the content and micro-environment of tryptophan residues and 
its photo-oxidation products do not differ measurably in HM through HM, 
Compared with the other crystallins, the HM-aggregates have a larger 
relative intensity of the non-tryptophan fluorescence (section III 1) 
Furthermore, the position of the maximum shows a red-shift of 
approximately 10 nm indicating conformational changes which might be 
attributed to oxidation of tryptophan residues (Liang and Chylack, 
1984-85) 
Figure 2 presents HPGPC profiles of the total WS extract, lyophilized 
HM -crystallin and, after Amicon concentration, of the void volume peak 
from the latter fractionation It is clearly seen that HM-crystallm 
decomposes largely into the ο-, β- and ï-crystallins In other 
experiments we found the same phenomenon using native or lyophilized HM 
preparations Compared with the fractionation of WS-protein, 
β -crystallin had almost completely disappeared which can be attributed 
to the low concentration of the HM-crystallin samples Just as bovine 
ß-crystallin, human ß-crystallm is subject to concentration-dependent 
association-dissociation equilibria, as shown in the appendix of section 
II 1 Furthermore, the proportion of ï-crystallin increases from 35% in 
the WS-fraction to 45°. in rechromatographed HM-crystallin The four 
HM-crystallins showed similar HPGPC patterns, only slightly smaller 
ï-crystallin proportions are obtained going from HM through HM, 
Upon HPIEC, decomposition of the HM-crystallin fractions was again 
obvious, the profiles are found to be very similar to each other and to 
that of the WS-extract (Fig 3) The assignment of the peaks is discussed 
in section II 1 and in the appendix of section II 3 It is evident that 
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Fig.3. High-pressure ion-exchange chromatography on a TSKgel DEAE-5PW 
column. From top to bottom the elution profiles are from HM - to 
HM,-crystallin and total water-soluble extract. 
Fig.4. Two-dimensional gel electrophoretic patterns of lens proteins from 
old normal human lenses. (A) a-Crystallin, (Β) β -crystallin, (C) 
ß2-crystallin, (D) 03-crystallin, (E) J^-crystallin, (F) Γ -crystallin. 
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only minor amounts of basic components (ï-crystallin) are present in the 
fractions. 
The subunit composition of the HM -subpopu lat ions, as well as of the 
total WS- and US-fractions was analyzed by two-dimensional gel 
electrophoresis. To investigate which chains occur in these fractions, 
gels of the a-, 0- and ï-crystallins were also prepared. The crystallins 
were obtained by HPGPC of the WS-extract from old clear and cataractous 
human lenses and rechromatography of the peak fractions after Amicon 
concentration. 
The constituent polypeptides of a-crystallin (Fig.4A Table I) were 
identified by comparison with human a-crystallin gel patterns obtained by 
Kramps, de Jong, Wollensak and Hoenders (1978). The primary gene products 
aA„ (pi 6.1) and oB„ (pi 7.4) with apparent molecular weights of 20 000 
and 21 000, respectively, can be clearly recognized. The double spot for 
aB indicates the presence of a deamidated aB„ and a chain derived from 
У 2 
the deamidated one by partial degradation. The aB -subunit (pi 6.8) and a 
shortened, slightly more acidic chain (pi 6.7; M 20 000) are clearly 
seen as well. Several minor species with similar molecular weights and 
different pi values (6.6-6.2) may represent deamidated chains derived 
from aB,. Beside oA (pi 5.8) several degraded and/or deamidated 
o-fractions are present in minor amounts (pi 5.8-5.0; M 18 000-20 000). 
Moreover, in the original gel a diffuse smear (pi 5.0-6.5; M 
43 000-45 000) was observed. Generally, no significant differences in 
a-crystallin pattern were found upon comparison of cataractous and 
age-matched clear lenses. 
The polypeptide composition of the different ß-crystallin aggregates 
(Fig.4B-D; Table I) generally shows almost identical patterns, especially 
in the typical ß-range (M 22 000-30 000). In order to facilitate the 
discussion of our results, we introduce a provisional nomenclature for 
the major p-chains, based on isoelectric points, as also applied to 
bovine &-crystallins (Ramaekers, Dodemont, Vorstenbosch and Bloemendal, 
1982). The basic chains are indicated by B, followed by a number in order 
of decreasing isoelectric points. The acidic subunits are indicated by A 
in a similar way. Each A and В species may comprise chains with different 
molecular weights. The B.-chains, absent in ß.-crystallin, comprise three 
polypeptides two of them may originate from the one with the largest 
molecular weight by degradative processes. Some A components (A,-A7) 
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contain chains of 20 000 dalton which is lower than the normal values of 
ß-chains. These chains, almost absent in β -crystallin, may arise from 
posttranslational degradations; presumably, they are identical to the 19 
000 dalton polypeptide fraction found in β -crystallin by Zigler, Horwitz 
and Kinoshita (1980). In addition to a smear at about 45 000 dalton, 
present in all ¡J-crystallins, several discrete spots with the same 
molecular weight (55 000) and equidistant isoelectric points (5.8-6.8) 
are only observed in fL-crystallin Zigler et al. (1980) also found a 
55 000 dalton fraction only in β.-crystallin. Similar patterns are 
obtained for corresponding ß-crystallins from clear and cataractous 
lenses. 
Figures 4E and 4F show the polypeptide composition of TS^ - and 
Jf.-crystallin, respectively. The same provisional nomenclature is used as 
for the ß-crystallins. A typical pattern is always observed for 
ϊ1-crystallin it contains chains only in the acidic region and molecular 
weights from 22 000 to 24 000. Based on molecular weight and isoelectric 
point, it should be kept in mind that the A spot might be β -crystallin. 
The Ϊ -fraction has additional chains in the basic region (pi 7.1-8.4) 
with molecular weights generally smaller than those of the 
Ϊ -crystallins. Minor spots are observed in the 10 000 dalton range (pi 
5.6-6.3); these spots are present in greater amounts in cataractous 
lenses compared with age-matched clear ones. 
The total subunit composition of the WS-, HM. and US-proteins is 
depicted in Figures 5A-C. The HM. to HM, subpopulations showed similar 
gel patterns. Because of the complexity of the patterns, assignment of 
spots was difficult. As far as possible, we have indicated the different 
chains in the figures. It is obvious that subunits from all crystallins 
are present in each protein fraction. Compared with WS-protein, 
HM-crystallin seems to contain relatively more acidic T-chains on the 
other hand, in the US-fraction ï-chains seem to be present in less amount 
(based on staining intensities). The smear at about 45 000 dalton is 
found in each fraction. The discrete 55 000 dalton spots, specifically 
present in β.-crystallin, are absent in US-protein. The latter fraction 
contains a small amount of proteins that do not enter the IEF-gel (first 
dimension); part of them, however, penetrated the SDS-gel and contained 
chains of 22 000, 24 000 and 45 000 dalton. That part which did not enter 
the SDS-gel may involve non-disulfide crosslinked proteins larger than 
100 000 dalton. 
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Table I. Apparent molecular weights (M ) and isoelectric points (pi) of 
crystallin chains from old human lenses, estimated by two-dimensional gel 
electrophoresis 
a-crystallin 
chain 
B2 
\ 
В 
X 
*2 
A 
X 
M (xltf3) 
21.0 
21+20.5 
21+20 
20+18 
20+18 
pi 
7.4 
7.1 
6.8+6.7 
6.1 
5.8 
&-cry9tallin 
chain 
B
, 
B2 
B3 
A
, 
A2 
A3 
A4 
A5 
A6 
A7 
M
r
(x10"3) 
26+27 
25 
25 
25+22 
25+22 
22 
25+22+20 
25+22+20 
25+22+20 
25+22+20 
Pi 
β.1-8.5 
7.5 
7.1 
6.7 
6.3 
6.2 
5.9 
5.6 
5.4 
5.2 
γ-cryatallin 
chain 
B1 
B2 
B3 
B4 
A1 
A2 
A3 
A4 
A5 
A6 
4 
A8 
M
r
(x10 3 ) 
19 
19 
22 
19 
22 
22 
23+22 
24+22 
24+23 
24 
24 
10 
pi 
8.4 
7.8 
7.6 
7.1 
6.9 
6.7 
6.5+6.4 
6.2 
5.9 
5.6 
5.4 
5.6-6.3 
Fig.5. Two-dimensional gel electrophoretic patterns of lens proteins from 
old normal human lenses. (A) Total water-soluble extract, (B) 
HMj-crystallin, (C) Urea-DTE-soluble extract of the water-insoluble 
fraction. 
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DISCUSSION 
Using absorption and fluorescence measurements, changes were observed 
between HM- and the other crystallins from old and cataractous human 
lenses. There seems to be a conformational change from the α-, β- and 
ï-crystallins to the smallest-sized HM-crystallin (HM,); further 
aggregation to HM.-crystallin does not lead to detectable additional 
alterations. Moreover, no difference in spectroscopic properties was 
found upon formation of cataract. The changes may be caused by partial 
unfolding of the proteins; these conformationally altered proteins would 
be more susceptible to aggregation (Harding and Dilley, 1976). On 
comparison of HM- and a-crystallin from human lenses, Liang and Chylack 
(1984-85) found similar changes in spectroscopic properties. The origin 
of conformational alterations is still a matter of debate (Harding and 
Crabbe, 1984). Using physicochemical measurements, changes in tertiary 
structure induced by sugar (Liang and Chylack, 1984), UV radiation 
(Andley, Sutherland, Liang and Chakrabarti, 1984) or aging (Liang, Bose 
and Chakrabarti, 1985) have been observed. 
The HM-crystallin population appeared to be a loosely-bound 
superaggregate, composed largely of α-, β- and ï-crystallins, as found by 
HPGPC and HPIEC. Disaggregation induced by the latter technique is 
plausible, because of the strongly ionic environment. A similar 
phenomenon has been reported by Liem-The, Stols and Hoenders (1975) in 
the case of HM-crystallin from rabbit lenses. Decomposition of the 
superaggregate by the gentle HPGPC procedure, however, is less 
conceivable. It cannot be ruled out that the pressure applied plays a 
role in the disaggregation process. Another explanation could be the 
presence of EDTA in the elution solvent. Being a chelator, calcium ions 
which have been suggested to be involved in the aggregation process 
(Jedziniak, Nicoli, Yates and Benedek, 1976) are bound; this might result 
in the loss of the factor responsible for aggregation and subsequent 
decomposition into the constituent crystallins. The role of calcium in 
this process is, however, far from clear (Bushell and Duncan, 1978; Fein, 
Pande and Spector, 1979). It should also be kept in mind that the 
presence of nucleotides may be an essential condition in the complex 
formation, since small amounts are found in the HM-fractions; they 
contribute to the distortion of the pure protein absorption spectrum. 
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Manski and coworkers (Manski, Malinowski and Bomtsis, 1979, 
Malinowski and Manski, 1980a, 1980b), searching for interactions between 
crystallin molecules, have suggested that aggregate formation is a 
continuous process, in which an initially formed complex between a- and 
¡J-crystallin, binds more and more ï-crystallin The formation of the 
complex appeared to be characterized by extremely weak forces Since we 
also found larger amounts of ¡T-crystallin with increasing size of the 
HM-aggregate, there seems to be agreement between the native and in vitro 
aggregate formation 
Compared with HM- and WS-protein, less ï-crystallins seem to be 
present in the US-fraction as based on staining intensities of the 
two-dimensional gels Moreover, this fraction lacks the 55 000 dalton 
components which may indicate that these components and part of the 
ï-crystallins are primarily integrated into the water-soluble HM-complex 
and, thereafter, for the major part directly transferred to the 
urea-insoluble fraction, presumably by processes involving non-disulfide 
crosslinks With regard to the free crystallins, the 55 000 dalton 
components are only present in the β -crystallin species Based on 
molecular weight and isoelectric point, one of them could be vimentin, a 
component of intermediate filaments in the lens (Maisel, 1984) Since no 
55 000 dalton spots are detected in the US-fraction, in which the 
intermediate filaments are expected, it seems improbable that one of the 
spots in the WS-proteins represents vimentin Furthermore, vimentin is 
only a minor component of the proteins from old lenses, since it is 
progressively lost from cortical cells and is absent in the nucleus 
(Ellis, Alonsi, Lawmczak, Maisel and Welsh, 1984) The 55 000 dalton 
components may also represent dimers of certain p-crystallin chains, 
possibly cross linked by isopeptide bonds as shown by in Vitro experiments 
with rabbit lens crystallins (Lorand, Conrad and Velasco, 1985) 
It is interesting that three βΒ.-chains are observed in ß1-crystallin 
two of them may represent degraded chains derived from them with the 
largest molecular weight The presence of PB. chains in ß„-crystallin can 
be attributed to an impure preparation caused by the fact that 
β.-crystallin is subjected to concentration-dependent aggregation 
(appendix section II 1) which makes it virtually impossible to isolate 
pure β,- and β -crystallin The corresponding ß-crystallin fraction in 
bovine lens (ß„) contains only two chains in that region, the primary 
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gene product ßB and its degraded βΒ , chain Evidence has been provided 
that the ßB chain is required in order to achieve aggregation of 
ß-subunits to β -crystallin (Vermorken, Herbrink and Bloemendal, 1977) 
π 
Since the human (SB chains are part of HM- and US-proteins, it may be 
that they play a role not only in the aggregation of ß-subunits, but also 
in the aggregation of the crystallins to HM- and insoluble proteins 
Contrasted with our findings, Ringens, Hoenders and Bloemendal (1982) did 
not detect the minor ßB chains in adult human lenses, possibly because 
of the lower amount of protein applied onto the gel 
A broad, diffuse band at about 45 000 dalton is present in all protein 
fractions, except the ï-crystallins It has received considerable 
attention in the last decade, especially in Spector's laboratory (for a 
review, see Spector, 1984) One polypeptide of this heterogeneous 
fraction might be synthesized de novo and associated with the lens plasma 
membranes as an extrinsic membrane protein (Spector, Garner, Garner, Roy, 
Farnsworth and Shyne, 1979) The size and charge heterogeneity of the 45 
000 dalton material could result from postsynthetic modifications of one 
or more initial polypeptides, such as actine This cytoskeletal protein 
is present in small amounts m the WS-fraction of bovine lenses, 
filament-forming molecules may play a role in crystallin aggregation 
(Bloemendal, 1982) The presence of crosslinked crystallin subunits 
cannot be excluded, either 
On the basis of findings in this study, it appeared that aggregation 
of α-, β- and ï-crystallins to HM-crystallin and insoluble proteins in 
the human lens is very complex Not only all crystallin species, but also 
cytoskeletal proteins as well as nucleotides and calcium ions, seemed to 
be involved in the aggregation process Furthermore, the large amount of 
acidic chains, compared with prenatal human lenses (Ringens et al , 1982, 
Thomson and Augusteyn, 1985), may be a factor The soluble HM material, 
presumably an intermediate in the insolubilization process, is 
characterized by very weak bonds Although senile cataract is 
accompanied by specific pathological events of various lens components 
(Augusteyn, 1981, Hockwin and Ohrloff, 1981, Tripathi and Tripathi, 1983, 
Harding and Crabbe, 1984), it is striking that no clear differences in 
composition and spectroscopic proporties of lens proteins from clear and 
opaque human lenses can be observed. However, one should keep m mind 
that pooled lenses have been used in this study, it would be 
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recommendable to analyze single lenses or, better still, small volume 
elements of a single lens (section II.3). 
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IS LANTHIONINE A PROTEIN CROSSLINK IN 
CATARACTOUS HUMAN LENSES? 
INTRODUCTION 
At present it is generally accepted that oxidation of lens proteins is 
an important event in the formation of cataract. Besides aromatic amino 
acids, cysteine and methionine are the residues most affected by 
oxidative processes. Significant amounts of methionine sulfoxide and 
methionine sulfone are found in proteins from cataractous lenses. In 
advanced nuclear cataracts, virtually all protein thiol groups are 
oxidized to the disulfide form and to cysteic acid (Truscott and 
Augusteyn, 1977; Garner and Spector, 1980). 
Oxidation of protein thiol groups is one of the mechanisms of protein 
insolubilization. Insoluble aggregates are found in moderate amounts in 
normal aging lenses and in increased amounts with cataract formation, 
especially in the nucleus as shown in section II.2 and by others (Kramps, 
Hoenders and Wollensak, 1976; Garner and Spector,1979). In advanced 
stages of nuclear cataract, the insolubilization process is also 
characterized by the formation of covalent bonds other than disulfide 
(Buckingham, 1972); they occur in the lens nucleus and appear to be 
associated with nuclear color and fluorescence (Lerman and Borkman, 
1976). 
Although several crosslinking compounds have been reported to be 
present in the colored and insoluble protein, the amounts are 
insufficient to be the sole crosslinks: (J-carbolines (Dillon, Spector and 
Nakanishi, 1976), bityrosine (Garcia-Castineiras, Dillon and Spector, 
1978) and ï-glutamyl-e-lysine (Lorand, Hsu, Siefring and Rafferty, 1981) 
As mentioned before, with the progression of cataract cysteine becomes 
oxidized to cystine and eventually to cysteic acid. In this latter 
process cystine oxides may be formed as intermediates (Savige and 
Maclaren, 1966), but they appear too unstable to be present in lens 
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proteins. Another degradation product of cystine is the symmetric 
thioether lanthionine. It is a well-known residue in alkaline-treated 
wool and other sulfur-rich proteins (Kharasch and Meyers, 1966). Natural 
lanthionine has been reported to be present in amongst others chick 
embryo (Sloane and Untch, 1966) and in epidermal keratin as a result of 
the action of environmental factors upon the skin (Steinert and Idler, 
1979). In this study, we have investigated the presence of lanthionine in 
the colored insoluble protein from cataractous human lenses. 
MATERIALS AND METHODS 
Mixed-type cataractous human lenses were decapsulated and divided into 
cortex and nucleus; the inner 30% by weight of the lens was considered as 
nucleus. The nuclear parts were homogenized in a buffer containing 0.02 M 
Na fosfate, 0.1 M Na sulfate and 1 mM EDTA (pH 6.9). After 
centrifugation at 10 OOOxg for 20 min, the pellet was washed several 
times and suspended in the same buffer including 7 M urea and 10 mM 
dithioerythritol (DTE). The suspension was stirred overnight at 4 С and 
centrifuged (10 OOOxg, 20 min). The pellet was washed with distilled 
water and delipidated according to a method described by Cham and Knowles 
(1976); thus, the urea-DTE-insoluble delipidated protein ("brown 
protein") was obtained. 
Part of the brown protein was hydrolyzed in 6 N HCl under vacuum at 
110 С for 20 hours, whereas the remainder was treated with proteolytic 
enzymes. Throughout the enzymatic hydrolysis, carried out in 0.1 M 
ammonium bicarbonate (10 mg brown protein/ml) at 37 С, a pH of 8.0 was 
maintained. Xylene was added to prevent bacterial growth. Digestion with 
successively trypsine, leucine aminopeptidase and prolidase, 
carboxypeptidase Y and subtilisine (1 mg/ml each) was performed with 24 
hours intervals; after every 8 hours an extra aliquot of each enzyme (0.5 
mg/ml) was added to the digest. Finally, the digest was centrifuged to 
remove residual material lyophilized. 
Paper chromatography was performed essentially according to Bowling 
and Crewther (1964). The hydrolysate, dissolved in water, was applied 
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onto Whatman No.3 papers (46x57 cm) and chromatographed in phenol 
solvent. After drying the papers, the lanthionine band, located by 
ninhydrin staining of reference samples (Sigma), was cut out, eluted with 
0.1 M formate (pH 3.4) and lyophilized. Amino acid analysis was carried 
out on a Biotronik LC 6001 autoanalyzer using citrate buffers; norleucine 
was used as an internal standard. 
RESULTS AND DISCUSSION 
A possible oxidative degradation product of cystine, formed by 
desulfurization, is lanthionine. It occurs naturally (Sloane and Untch, 
1966; Steinert and Idler, 1979); however, care has to be taken during 
isolation, because it can be formed as an artifact, especially by 
alkaline treatment at high temperature. Therefore, bovine serum albumin 
and o-crystallin were used as controls throughout the whole procedure. 
Amino acid analysis of commercial lanthionine revealed two peaks, 
originating from the D,L and meso compound with elution times of 113 and 
109 min, respectively (Fig.l). Because D,L-lanthionine eluted in the same 
region as valine, we performed a purification step before amino acid 
analysis to eliminate the valine interference. Paper chromatography 
appeared to be a rapid procedure, giving satisfactory separation of 
lanthionine from other amino acids. In the solvent system applied, 
lanthionine (R =0.16) is the slowest moving amino acid except for cysteic 
acid (Rf=0.08); it is adequately separated from cystine (Rf=0.20) and all 
other amino acids (Rf>0.30) including valine (R,=0.75). After acid 
hydrolysis of the brown protein and paper chromatography, the eluted 
lanthionine band was applied onto an amino acid analyzer. Figure 1 shows 
the profiles of the eluted lanthionine band (upper trace) and the total 
acid hydrolyzate of the brown protein (middle trace). Based on retention 
time, the presence of D,L- and meso-lanthionine is apparent. Large 
amounts of cystine are also present which is conceivable by their 
location close to lanthionine upon paper chromatography. Furthermore, the 
ratio of the absorption at 570 and 440 nm, the detection wavelengths of 
the amino acid analysis, gives additional evidence that we are dealing 
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Fig.1. A part of the elution profiles obtained by amino acid analysis of: 
a standard mixture of authentic lanthionine and norleucine (lower trace); 
the total acid hydrolyzate of the brown protein (middle trace); the 
extracted lanthionine band after paper chromatography of the acid 
hydrolyzate of the brown protein (upper trace). 
C, cystine; G, glutamine; I, isoleucine; L, leucine; M, methionine; P, 
phenylalanine; R, alanine; T, tyrosine; V, valine; H Cyst, homocystine; 
Lan, lanthionine; Nor, norleucine. 
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with lanthionine and cystine. This ratio was 5.3 and 2.6 for lanthionine 
and cystine, respectively, whereas other amino acids in this area have 
ratios between 6.0 and 6.5. Acid hydrolysis of controls, albumin and 
a-crystallin, did not reveal the formation of lanthionine. 
We have tried to exclude the presence of any artifactual lanthionine 
by hydrolyzing enzymatically the brown protein. However, the results were 
not as distinct as that of the acid hydrolyzate. Upon amino acid 
analysis, the eluted lanthionine band showed an unidentified peak with a 
shoulder at approximately the D,L-lanthionine position. This could mean 
that enzymatic hydrolysis was not complete, resulting in the presence of 
small peptides that interfere with the amino acid analysis. Furthermore, 
because enzymatic instead of acid hydrolysis was applied, the meso 
compound is absent. 
Thus, although the results obtained by enzymatic hydrolysis are not as 
convincing as those of the acid hydrolysis, strong indications are found 
that lanthionine is present in the brown protein fraction of cataractous 
human lenses. Based on acid hydrolysis, about one fourth lanthionine 
residue per 175 amino acid residues of the brown protein was found. 
On exposure of cystine to UV radiation (<300 nm), destruction of 
cystine commenced immediately, resulting in the development of a yellow 
color; several degradation products were detected, such as cysteic acid 
and lanthionine (Asquit and Hirst, 1969; Asquit and Shah, 1971). Near-UV 
radiation (>300 nm), as transmitted by the cornea, showed little or no 
effect on cystine in a 10 hour period. However, one should consider the 
possibility that pronounced exposition to near-UV light during human life 
span will have photochemical effects on cystine residues in lens 
proteins. Moreover, photolytic destruction of the S-S group in aqueous 
media is accelerated by tryptophan and tyrosine (Dose, 1968). Thus, 
energy primarily absorbed by aromatic amino acid residues in proteins can 
be transferred to nearby cystine promoting its conversion to amongst 
others lanthionine. 
Fission of the S-S bond in some molecules and the C-S bond in others, 
and subsequent reaction of the formed radicals with each other and with 
the solvent have been suggested to explain the above results (Asquith and 
Hirst, 1969; Morine and Kuntz, 1981). An alanyl radical is also supposed 
to be an intermediate in the cystine destruction. It may react with 
accessible functional groups of proteins; besides sulfhydryl groups, 
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leading to lanthionine, the ε-amino group of lysine may react forming 
lysinoalanine. Thus, if lanthionine is a photolytically produced compound 
in the cataractous human lens, it is likely that lysinoalanine also 
occurs as a protein crosslink in cataracts. 
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SUMMARY 
Since the eye lens consists mainly of structural proteins and water, 
it is generally accepted that cataract is a consequence of disturbances 
in the structure of these proteins, the crystallins. These disturbances 
may lead to aggregation and insolubilization of the crystallins Most 
cataracts occur in old men and belong to the class of senile cataracts. 
The nuclear type of cataracts, studied in this thesis, belongs to these 
senile cataracts. Nuclear cataracts reveal a typically colored, hard 
inner lens part. They are caused, at least in part, by oxidative 
processes which possibly involve free radicals, especially those derived 
from oxygen (chapter I). 
Variation in lens protein composition as a function of age and 
cataract formation may give information about the question which soluble 
proteins are lost during the insolubilization process (chapter II) This 
variation can be investigated best by comparing different parts of a 
single lens according to its growth pattern Since age-dependent changes 
in protein composition occur already at young age and young human lenses 
are scarce for understandable reasons, bovine lenses (divided into 
equator, cortex and nucleus) were used to study these changes (section 
II 1). Comparison of the well investigated bovine lens and the human lens 
is justifiable in many respects. Application of high-pressure gel 
permeation chromatography (HPGPC) to fractionate the water-soluble 
crystallins from bovine lenses, covering the whole lifespan of the 
animal, revealed several interesting phenomena. Unlike equator and 
cortex, the nucleus shows a gradual decrease in o-crystallin content with 
g 
age. The ß„-crystallin species, almost the only ^„-component in the 
η η 
youngest lens nucleus, is largely replaced by at least four fractions 
with higher and lower molecular weights in the older lenses. In the 
nucleus a β
τ
-component (39 kDa) seems to replace gradually the major 
L
 2 |5 -crystallin (β
τ
 , 50 kDa) Moreover, a switch in the synthesis of 
monomeric crystallins is demonstrated. Concerning the charge of the 
native proteins, it appeared that the crystallins become increasingly 
more acidic upon aging as determined by high-pressure ion-exchange 
chromatography (HPIEC). 
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Section II.2 deals with the changes in proportion and molecular weight 
of native crystallins from single human lenses (divided into cortex and 
nucleus) upon aging and progression of nuclear cataract. As in 
bovine lenses, the a-crystallin content in clear human lens nuclei 
decreases till less than 5% from birth to about 40 years of age after 
which it remains constant. Over 40 years the level of T-crystallin 
decreases. These changes are accompanied by an increase in the 
Wl-fraction. With progressive cataract, an increase of P,-crystallin and 
a drastic fall of ï-crystallin content, especially in the nucleus, are 
accompanied by a steep rise of the water-insoluble fraction. The 
molecular weights (determined by low-angle laser light scattering, LALLS) 
of the crystallins do not change, except that of a- and β -crystallin 
which show an increase with age. 
Because of its growth pattern, a better insight into aging processes 
can be obtained studying subsequent layers from a single lens (section 
II.3). Owing to the less complex protein composition of the small volume 
elements, three different-sized β -crystallins were found. A striking 
finding was the very high a-crystallin content in the outer cortex of 
less advanced nuclear cataracts compared with that of clear lenses. As a 
consequence of the age-related incorporation of more and more negatively 
charged groups, acidic species of a-, &- and lf-crystallin increase in 
proportion in the direction of the lens center. Moreover, strong 
indications are obtained concerning a switch in synthesis of the 
monomeric crystallins from the basic ϊ„- to the larger-sized, acidic 
Ϊ.-crystallin species. 
The age-dependent changes in properties of the crystallins leading to 
insolubilization are at least partly due to oxidative processes. These 
processes may be traced by observation of the non-tryptophan fluorescence 
(chapter III). It appeared that the fluoresence of all native crystallins 
increase with age, as described in section III.l. With formation of 
nuclear cataract, a further increase is seen in У..-crystallin. The 
fluorophore is mainly associated with one species of the ï-crystallins. 
It is also present as such in the soluble fraction and increases 
significantly with progression of nuclear cataract, especially in the 
nucleus. In this study, the particular involvement of ï-crystallin in 
the cataractous process is discussed. 
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A compound which may play an important role against oxidative damage 
in the lens is α-tocopherol (vitamin E) ; this lipophilic free radical 
scavenger is located in membranes. With respect to the polyunsaturated 
fatty acids which are the membrane components most sensitive to oxidative 
stress, its concentration is relatively high. Upon ajjing, no significant 
changes in vitamin E content are found. With nuclear cataract formation, 
its proportion in the cortex increases significantly whereas that in the 
nucleus does not change. It seems that the cortex gains more protection 
against oxidative attack than the nucleus (section III.2). 
Another antioxidant, uric acid, is analyzed by the technique of 
reversed-phase HPLC, coupled to an absorption and a fluorescence detector 
(section III.3). In addition, this technique enabled us to determine 
tryptophan, tyrosine and other UV-absorbing and fluorescent 
low-molecular-weight compounds in the WS-fraction of the human lens. Uric 
acid, tryptophan and tyrosine do not show differences in content with age 
and cataractogenesis. Furthermore, no variation in distribution of these 
compounds within lenses is observed, except in the outermost cortex where 
the uric acid concentration is higher than in the remainder of the lens. 
An unidentified fluorophore appears to increase in content significantly 
with progression of nuclear cataract. Another unidentified aromatic 
compound shows an age-related decrease. The nature of these compounds and 
the reason for their changes in content need to be elucidated. 
Chapter IV describes investigations on the covalently and 
noncovalently bound superaggregates present amongst others in the human 
lens. High-molecular-weight (HM) crystallin is supposed to be an 
intermediate in the insolubilization process of lens proteins. Therefore, 
these species were compared with the individual soluble crystallins and 
the urea-soluble part of the WI-fraction (section IV.1). Native 
HM-crystallin seems to be largely a loosely-bound superaggregate, 
composed of α-, β- and ï-crystallin. Cytoskeletal proteins, nucleotides 
and calcium ions may play a role in the aggregate formation too. Similar 
compositions are found for normal and cataractous human lenses. 
Progressive exposure to oxidative influences can lead to the formation 
of aggregates which are held together by disulfide bridges and other 
covalent crosslinks. In section IV.2 strong indications that lanthionine 
occurs as a protein crosslink in cataractous human lenses are presented. 
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SAMENVATTING 
Aangezien de ooglens overwegend uit structurele eiwitten en water 
bestaat, wordt algemeen aangenomen, dat cataract (staar) het gevolg is 
van verstoringen in de structuur van deze eiwitten, de crystallines. Deze 
verstoringen kunnen leiden tot aggregatie en het onoplosbaar worden van 
de crystallines. De meeste cataracten komen voor bij oudere mensen en 
worden betiteld als "seniele" cataracten. De in dit promotie-onderzoek 
bestudeerde kerncataracten worden tot deze groep gerekend. Zij vertonen 
een binnenste lensdeel, dat geel tot bijna zwart ("nigra") gekleurd is. 
De oorzaak is gedeeltelijk te verklaren op grond van oxidatieve 
processen, waarbij al dan niet van zuurstof afgeleide vrije radicalen 
betrokken zijn (hoofdstuk I). 
Veranderingen in de verdeling van de lenseiwitten als functie van de 
leeftijd en de cataractogenese kunnen informatie geven over de vraag 
welke crystallines uit de oplosbare fractie tijdens het onoplosbaar 
worden van lenseiwitten verdwijnen (hoofdstuk II). Deze veranderingen 
kunnen het best onderzocht worden door het vergelijken van verschillende 
delen binnen een enkele lens overeenkomstig haar unieke groeipatroon. 
Daar leeftijdsafhankelijke veranderingen in eiwitsamenstelling reeds op 
zeer jonge leeftijd optreden en jonge menselijke ooglenzen om voor de 
hand liggende redenen moeilijk verkrijgbaar zijn, werden runderlenzen 
(verdeeld in equator, cortex en kern) gebruikt om deze veranderingen te 
bestuderen (sectie II. 1). Het vergelijken van de goed onderzochte 
runderlens met de menselijke lens is in veel opzichten gerechtvaardigd. 
Teneinde de crystallines, afkomstig van 0.3 tot 33 jaar oude 
runderlenzen, te fractioneren, werd hoge-druk gelpermeatie chromatografie 
(HPGPC) toegepast. In tegenstelling tot de equator en de cortex 
vertoonde de lenskern met toenemende leeftijd een geleidelijke afname in 
relatieve hoeveelheid van het α-crystalline. Het ß^-crystalline, dat 
vrijwel het enige ß„-crystalline in de kern van het jonge dier is, wordt 
η 
grotendeels door minstens vier fS-crystalline fracties met hoger en lager 
molecuulgewicht in de kernen van oudere dieren vervangen. Bovendien 
neemt in de kern een (5. -crystalline van 39 kDa geleidelijk de plaats in 
L
 2 
van het aanvankelijk belangrijkste β -crystalline (β , 50 kDa). Tevens 
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vindt er een verschuiving plaats in de synthese van bepaalde monomere 
crystallines. Met behulp van hoge-druk ionenwisselaar chromatografie 
(HPIEC) werd aangetoond, dat met toenemende leeftijd de crystallines 
lagere pi waarden krijgen, dus zuurder worden. 
Sectie II. 2 handelt over de veranderingen in relatieve hoeveelheid en 
molecuulgewicht van natieve crystallines in cortex en kern van 
individuele menselijke lenzen als functie van de leeftijd en het ontstaan 
van kerncataract. Evenals in runderlenzen neemt de relatieve hoeveelheid 
van het α-crystalline in de heldere kern geleidelijk af tot minder dan 5% 
op een leeftijd van ongeveer 40 jaar, waarna het constant blijft; boven 
40 jaar is de afname van het ï-crystalline het meest opvallende 
verschijnsel. Deze veranderingen gaan gepaard met een toename van de 
water-onoplosbare fractie. Bij kerncataract gaat een toename van 
β,-crystalline en een afname van ï-crystalline gepaard met een nog 
grotere toename van de water-onoplosbare fractie. De molecuulgewichten 
van de crystallines, bepaald met behulp van een kleine-hoek 
laser-lichtverstrooiings (LALLS) detector, veranderen niet, behalve die 
van het α- en het β -crystalline, welke groter worden met toenemende 
leeftijd. 
Op grond van zijn unieke groeipatroon is het mogelijk een beter 
inzicht te verkrijgen in leeftijdsafhankelijke processen door het 
bestuderen van opeenvolgende, concentrische lagen uit een enkele lens 
(sectie II.3). Vanwege de minder complexe eiwitsamenstelling in deze 
kleine volume-elementen zijn meerdere β -crystallines van verschillende 
grootte aangetroffen. Opmerkelijk was de aanwezigheid van hoge 
concentraties α-crystalline in de buitenste cortex van beginnende 
kerncataracten, vergeleken met even oude normale lenzen. Als gevolg van 
posttranslationele modificaties nemen zuurdere crystallines in relatieve 
hoeveelheid in de richting van het centrum van de lens toe. Bovendien 
zijn er sterke aanwijzingen, dat er een verschuiving in de synthese van 
de basische ï.-naar de grotere en zuurdere ï -crystallines heeft 
plaatsgevonden. 
De postsynthetische veranderingen, die uiteindelijk tot het 
onoplosbaar worden van de crystallines leiden, worden op zijn minst 
gedeeltelijk door oxidatieve processen veroorzaakt. Deze processen kunnen 
o.a. door het observeren van de non-tryptofaan fluorescentie worden 
gevolgd (hoofdstuk III). Deze fluorescentie neemt voor alle crystallines 
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met het ouder worden toe. Bij kerncataract werd een sterkere toename van 
de fluorescentie van de ï-crystallines waargenomen. De fluorescerende 
verbinding blijkt voornamelijk aan een van de ï-crystallines gebonden te 
zijn. Zij is ook als zodanig in de water-oplosbare fractie aanwezig en 
neemt met voortschrijdende kerncataract sterk in concentratie toe. Er 
wordt verder gediscussieerd over de bijzondere betrokkenheid van 
ï-crystalline bij het cataracteuze proces (sectie III. 1). 
Een verbinding, die mogelijk een belangrijke rol in de bescherming 
tegen oxidatieve beschadigingen in de lens speelt, is vitamine E 
(α-tocoferol). Deze vet-oplosbare radicaalvanger bevindt zich in de 
plasmamembranen. Ten opzichte van de meervoudig onverzadigde vetzuren, 
die het meest gevoelig voor oxidatieve invloeden zijn, is de vitamine 
E-concentratie relatief hoog (sectie III.2). Er werden geen 
leeftijdsafhankelijke veranderingen in vitamine E-concentratie 
aangetoond. Bij kerncataract neemt deze echter toe in de cortex, maar 
blijft gelijk in de kern. Dit duidt erop, dat de cortex meer bescherming 
tegen oxidatieve beschadiging van membranen weet te verkrijgen dan de 
kern. 
Een andere antioxidant, urinezuur, werd geanalyseerd met behulp van 
"reversed-phase" HPLC, gekoppeld aan een absorptie- en een fluorescentie-
detector. Behalve urinezuur werden hierbij tryptofaan, tyrosine en andere 
UV-absorberende en fluorescerende verbindingen bepaald in de 
water-oplosbare fractie van menselijke lenzen (sectie III.3). De 
hoeveelheden urinezuur, tryptofaan en tyrosine veranderen niet bij 
veroudering en cataractogenese. Ook is geen trend aangetoond in de 
verdeling van deze verbindingen binnen een lens, behalve in de buitenste 
cortex, waar de urinezuur-concentratie hoger is dan in de rest van de 
lens. Een niet nader geïdentificeerde fluorescerende verbinding neemt 
belangrijk toe bij kerncataract. Een aromatische, niet-fluorescerende 
verbinding blijkt sterk toe te nemen met het ouder worden. De aard van 
deze twee verbindingen en de reden voor hun verandering in concentratie 
moeten nog worden opgehelderd. 
Hoofdstuk IV beschrijft onderzoekingen met betrekking tot covalent en 
niet-covalent gebonden hoog-moleculaire (HM) aggregaten, zoals o.a. in 
menselijke lenzen aangetroffen. HM-crystalline wordt verondersteld een 
tussenstap te zijn in de vorming van onoplosbare eiwitten. Om deze reden 
is de samenstelling van HM-crystalline vergeleken met die van de 
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individuele, oplosbare crystallines en die van de ureum-oplosbare fractie 
van de water-onoplosbare eiwitten (sectie IV 1) Natief HM-crystalline 
blijkt een zwak-gebonden superaggregaat te zijn, bestaande uit α-, β- en 
ï-crystalline Cytoskelet—eiwitten, nucleotiden en calcium ionen spelen 
mogelijk ook een rol bij de aggregaatvorming Vergelijkbare 
samenstellingen werden waargenomen voor normale en cataracteuze lenzen. 
Voortdurende blootstelling aan oxidatieve invloeden kan leiden tot de 
vorming van aggregaten, die via disulfide bruggen en andere covalente 
crosslinks gebonden zijn In sectie IV 2 worden sterke aanwijzingen 
gegeven, dat lanthionine als eiwit-crosslink in cataracteuze menselijke 
lenzen voorkomt. 
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STELLINGEN 
1. De term "HMW α-crystalline" voor de hoograoleculaire fractie van in water 
oplosbare menselijke lenseiwitten is misleidend. 
Liang JN and Chylack LT (1984-85), Lens Res. 2, 189-206 
Dit proefschrift, sectie IV.1 
2. De bevinding van Levcille et al. dat een beperkt dieet het verlies van 
γ-crystalline in de lens van de ouder wordende muis vertraagt, impliceert 
mogelijkerwijs, dat een calorie-arm dieet de vorming van seniele kern­
cataract bij de mens voorkomt (vertraagt). 
Leveille PJ, Weindruch R, Walford RL, Bok D and Horwitz J (1984), 
Science 224, 1247-1249 
3. Ten behoeve van de vergelijking van resultaten op het gebied van de lens-
research verkregen in verschillende laboratoria, is standaardisatie van het 
begrip lenskern dringend noodzakelijk. 
4. Bij hun onderzoek van door suikers veroorzaakte veranderingen van eiwitten 
in vivo maken Mandel et al. onvoldoende onderscheid tussen enzymatische en 
non-enzymatische glycosylering. 
Mandel SS, Shin DH, Newman BL, Lee JH, Lupovitch A and Drakes GHN 
(1983), Biochem. Biophys. Res. Comm. 117, 51-56 
5. De frequente toepassing van de zilverkleuring voor het aantonen van eiwit­
patronen op polyacrylamide-gels doet vermoeden dat het een routinetechniek 
betreft. Het groot aantal variaties in de uitvoering bewijst het tegendeel. 
6. De conclusies van Garcia-Castineiras and Miranda-Rivera en die van Truscott 
betreffende de afname van vrije aminogroepen in lenseiwitten bij de vorming 
van kerncataract staan lijnrecht tegenover elkaar. Afgaande op de betrokken­
heid van deze groepen bij chemische processen, die zich met name bij kern-
cataract afspelen, is men geneigd de conclusies van de eerstgenoemden meer 
vertrouwen te schenken. 
Garcia-Castineiras S and Miranda-Rivera MN (1983), Invest. Ophthalmol. 
Vis. Sci. 24, 1181-1187 
Truscott RJW (1983), Ophthalmie Res. 15, 38-41 

7. Bij de bepaling van de absorptiecoëfficiënt van eiwitten met behulp van 
een brekingsindexdetector houdt Young onvoldoende rekening met het feit, 
dat het brekingsindexincrement van eiwitten verschillend kan zijn. 
Young NM (1985), J. Biochem. Biophys. Methods 10, 351-353 
8. De naam ammonium pyrrolidine dithiocarbamaat (APDC), een veel gebruikt 
complexerend agens, is niet correct. 
9. Het slikken van megadoses radicaalvangers, zoals vitamine E en C, onder 
het motto "alle radicalen de wereld uit te beginnen bij jezelf", lijkt 
vooralsnog alleen gezond te zijn voor de vitamine-industrie. 
10. De term "vast" in uitdrukkingen als vaste relatie en vaste aanstelling is 
in de huidige omstandigheden dringend aan herdefiniëring toe. 
11. Vergrijzing kan zich plaatselijk zeer opvallend manifesteren. 
Nijmegen, 28 november 1985 George J.H. Bessems 
f 


